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Joanna Reszeć, Anna Citko, et al.

The Effect of Laparoscopic Sleeve Gastrectomy on the Course of Non-Alcoholic Fatty Liver
Disease in Morbidly Obese Patients during One Year of Follow Up
Reprinted from: J. Clin. Med. 2023, 12, 4122, doi:10.3390/jcm12124122 . . . . . . . . . . . . . . . . 393

Macarena Torrego-Ellacuría, Ana Barabash, Pilar Matía-Martín, Andrés Sánchez-Pernaute,

Antonio J. Torres, Alfonso L. Calle-Pascual and Miguel A. Rubio-Herrera

Combined Effect of Genetic Variants on Long-Term Weight Response after Bariatric Surgery
Reprinted from: J. Clin. Med. 2023, 12, 4288, doi:10.3390/jcm12134288 . . . . . . . . . . . . . . . . 405

Ana M. Ramos-Levi, Miguel A. Rubio-Herrera, Pilar Matía-Martín, Natalia Pérez-Ferre, Clara

Marcuello, Andrés Sánchez-Pernaute, et al.

Mixed Meal Tolerance Test Versus Continuous Glucose Monitoring for an Effective Diagnosis
of Persistent Post-Bariatric Hypoglycemia
Reprinted from: J. Clin. Med. 2023, 12, 4295, doi:10.3390/jcm12134295 . . . . . . . . . . . . . . . . 417

Irene Bretón, María D. Ballesteros-Pomar, Alfonso Calle-Pascual, Luis Antonio Alvarez-Sala

and Miguel Angel Rubio-Herrera

Micronutrients in Pregnancy after Bariatric Surgery: A Narrative Review
Reprinted from: J. Clin. Med. 2023, 12, 5429, doi:10.3390/jcm12165429 . . . . . . . . . . . . . . . . 429

viii



Journal of

Clinical Medicine

Article

A Longitudinal Study of the Antioxidant Barrier and
Oxidative Stress in Morbidly Obese Patients after
Bariatric Surgery. Does the Metabolic Syndrome
Affect the Redox Homeostasis of Obese People?
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Abstract: This is the first study to evaluate both the antioxidant barrier, glutathione metabolism, and
oxidative damage to proteins and lipids in morbidly obese patients undergoing bariatric treatment.
The study included 65 patients with class 3 obesity divided into two subgroups: morbidly obese
patients without metabolic syndrome (OB) and obese patients with metabolic syndrome (OB +MS).
Blood samples were collected before surgery as well as one, three, six, and twelve months after
the bariatric treatment. Superoxide dismutase and reduced glutathione (GSH) were significantly
decreased, whereas glutathione reductase and uric acid were enhanced in morbidly obese patients
before bariatric surgery as compared to lean control. Moreover, in the OB group, we observed
the increase of superoxide dismutase (SOD) and the decrease of uric acid (UA) after the bariatric
treatment; however, these changes were not observed in the OB +MS group. The oxidative damage
to proteins (advanced glycation end products, AGE; advanced oxidation protein products, AOPP)
and lipids (8-isoprostanes, 8-isop; 4-hydroxynoneal) was higher in OB as well as OB +MS patients.
We noticed that AGE and AOPP levels diminished after the bariatric treatment, whereas redox status
(ratio of GSH to oxidized glutathione) was still reduced in the OB +MS group. Summarizing, morbid
obesity is associated with disturbances in the antioxidant barrier and enhanced oxidative damage
to proteins and lipids. Although bariatric surgery improves redox homeostasis in obese patients,
those with metabolic syndrome show a continuous decrease in the antioxidant status. In patients
undergoing bariatric treatment, antioxidant supplementation may be considered.

Keywords: oxidative stress; redox biomarkers; morbid obesity; bariatric surgery

1. Introduction

Morbid obesity (body mass index (BMI) > 40 kg/m2) is one of the most serious health problems
in the world. Many epidemiological studies have shown that obesity is frequently accompanied by

J. Clin. Med. 2020, 9, 976; doi:10.3390/jcm9040976 www.mdpi.com/journal/jcm

1



J. Clin. Med. 2020, 9, 976

metabolic disorders like hypertension, insulin resistance, type 2 diabetes (T2DM), ischemic heart
disease, as well as cancer [1,2]. However, despite intensive research on morbid obesity, it remains
unclear why some obese subjects develop the metabolic syndrome (MS), and some do not. It is well
known that the development of obesity is caused by adipokine secretion like leptin, adipokine or
resistin as well as an increased expression of fatty acid/cholesterol transporters in the target tissues [3–5].
Nevertheless, recent studies emphasize the critical role of oxidative stress (OS) in the development
of obesity and its metabolic complications [6,7]. OS occurs when cellular components (e.g., lipids
and proteins) are oxidized and cellular metabolism is disturbed. This condition is mainly due to
the overproduction of reactive oxygen (ROS) and nitrogen (RNS) species [8]. The first sign of OS is
lipid peroxidation because the cell membrane is the first to be exposed to ROS. Oxidative damage
to lipids leads to the formation of peroxides such as 4-hydroxynonenal (4-HNE) and 8-isoprostanes
(8-isoP); however, excessive formation of ROS also causes modifications of proteins and amino acid
residues [9]. It was shown that protein/lipid oxidation products are very cytotoxic, leading to cell death
by apoptosis and necrosis [10]. Therefore, in aerobic organisms, several antioxidant systems protect
cells against OS. Antioxidants not only inhibit ROS-induced oxidation but also repair some forms of
oxidative modification in biomolecules. The most important blood antioxidants include superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), reduced
glutathione (GSH) and uric acid (UA) [7,8,11]. It is suggested that antioxidant supplementation could
reduce metabolic disorders and improve the condition of obese patients. However, little is still known
about the efficiency of the antioxidant barrier in morbidly obese cases. Particularly, the unknown is the
impact of metabolic syndrome on the redox homeostasis of these patients.

Nowadays, bariatric surgery is the most efficient method of obesity treatment [12]. Many studies
have shown that bariatric surgery not only helps patients achieve long-term weight loss but also
removes obesity-related complications, including T2DM and high blood pressure [13–16]. It has been
demonstrated that weight-loss by laparoscopic sleeve gastrectomy leads to a 40%–65% reduction in
excess weight. Moreover, 56% of obese patients achieve resolution of T2DM [17]. However, the exact
reason for these changes is still unknown. It is postulated that the improvement of obese patients
is associated with the reduction of oxidative stress levels [7,8,11]; however, there is no longitudinal
data about the redox homeostasis of patients undergoing bariatric treatment. Therefore, the aim of
our study was to evaluate the impact of morbid obesity as well as huge weight loss on the blood
antioxidant systems/oxidative stress before as well as one, three, six and twelve months after bariatric
surgery. For this purpose, we assessed the enzymatic and non-enzymatic antioxidant barrier, redox
potential, as well as oxidative damage to proteins and lipids in the plasma and serum of both study
groups and healthy controls. We are also the first to compare redox homeostasis in obese patients with
metabolic syndrome to obese cases only.

2. Materials and Methods

The study was approved by the Ethics Committee of the Medical University of Bialystok (permission
numbers: R-I-002/69/2012 and R-I-002/187/2017). All procedures were designed, conducted, and reported
in compliance with the Declaration of Helsinki, according to the guidelines for Good Clinical Practice.
All subjects gave their informed consent to participate in the study.

The study included 65 patients (women aged from 19 to 65 years) with class 3 obesity (BMI> 40 kg/m2),
who underwent elective bariatric surgery-laparoscopic sleeve gastrectomy. Patients were treated at the
First Department of General and Endocrine Surgery at the University Hospital in Bialystok. The study
group was divided into two subgroups: morbidly obese patients without metabolic syndrome (OB)
(n = 34) and morbidly obese patients with metabolic syndrome (OB +MS) (n = 31). Material for testing
was collected before surgery (OB 0; OB +MS 0) as well as one month (OB 1; OB +MS 1), three months
(OB 3; OB + MS 3), six months (OB 6; OB + MS 6) and twelve months (OB 12; OB + MS 12) after
bariatric treatment.
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Thirteen patients were treated for type 2 diabetes mellitus (T2DM), and twenty-two patients were
treated for hypertension. Patients with obesity had a mean weight loss of 5 ± 0.6 kg for a time interval
of 10 to 30 days prior to surgery. It was associated with a low-calorie diet, which was a part of the
preparation for the surgery.

Body weight, height and waist and hips circumferences were measured using standard methods.
Waist circumference was measured halfway between the lower arch of the ribs and the upper edge of
the iliac crest, and the circumference of the hips by the largest protrusion of the gluteal muscles, below
the iliac plates. BMI was calculated as weight (kg) divided by the square of height (m2). The metabolic
syndrome (MS) was diagnosed in accordance with the International Diabetes Federation. A subject has
metabolic syndrome if it satisfies three or more of the following traits: large waist circumference (at least
89 cm for women and 102 cm for men or waist circumference does not need to be measured if BMI is
>30 kg/m2, central obesity can be assumed), hypertriglyceridemia (150 mg/dL) or specific treatment of
this lipid abnormality, reduced high-density lipoprotein (HDL) cholesterol (less than 40 mg/dL in men
or less than 50 mg/dL), hypertension (130/85 mm Hg or higher) or treatment of previously diagnosed
hypertension and elevated fasting blood glucose (100 mg/dL or higher) or previously diagnosed type 2
diabetes [18].

The control group consisted of 33 lean healthy women (aged from 19 to 65 years; BMI < 25 kg/m2)
attending follow-up visits at the Specialist Dental Clinic at the Medical University of Bialystok. Only
patients with normal blood counts and biochemical blood tests (Na+, K+, creatinine, AST, ALT, INR)
were included in the control group.

The exclusion criteria for both the study and control group comprised systemic diseases: metabolic
diseases (type 1 diabetes, gout, osteoporosis, and mucopolysaccharidosis), autoimmune diseases
(Hashimoto’s disease, Crohn’s disease, and ulcerative colitis), infectious diseases (hepatitis A, B, or C,
HIV/AIDS), diseases of the cardiovascular (other than hypertension), respiratory, digestive (other than
obstructive sleep apnea), and genitourinary systems.

Additional exclusion criteria for the control group were hypertension, insulin resistance and type
2 diabetes, and obstructive sleep apnea.

Within the three-month period preceding the study, patients and healthy controls declared not
taking any antibiotics, nonsteroidal anti-inflammatory drugs, glucocorticosteroids, vitamins, and
antioxidant supplements. The participants were non-smokers and did not drink alcohol more frequently
than once a month. Pregnant women, patients with acute inflammatory infections and a history of
malignancy were also excluded from the study.

The clinical characteristics of the control and study groups are shown in Table 1.

2.1. Blood Collection

All samples were collected from obese and lean patients in the overnight fasting state. Twenty-four
hours before blood sampling, patients also did not practice intense physical activity. The blood was taken
to serum and EDTA tubes (S-Monovette SARSTEDT). The blood samples were centrifuged for 10 min
at 4000 rpm in 4 ◦C. The supernatant was retained for further testing. Butylated hydroxytoluene (BHT)
was added to all samples to protect them against oxidation (10 μL 0.5 M BHT/1 mL serum/plasma) [19].
The samples were stored at −80 ◦C until final examinations.

2.2. Laboratory Measurements

Serum triglycerides, total cholesterol, low-density lipoprotein (LDL) and high-density lipoprotein
(HDL) cholesterol, C-reactive protein (CRP), alanine transaminase (ALT), aspartate transaminase
(AST), the full blood count, glucose, and insulin were quantified by using an Abbott analyzer (Abbott
Diagnostics, Wiesbaden, Germany). Homeostatic model assessment (HOMA-IR = fasting glucose
(mg/dl) x fasting insulin (mU/l)/405) index was calculated [20].
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2.3. Redox Assays

For the redox assays, all reagents were obtained from Sigma-Aldrich (Nümbrecht, Germany/Saint
Louis, MO, USA). Antioxidant enzymes were assessed in serum, whereas the non-enzymatic antioxidants,
redox status, and oxidation products were assessed in the plasma. The absorbance/fluorescence was
measured using a 96-well microplate reader Infinite M200 PRO Multimode (Tecan Group Ltd., Männedorf,
Switzerland). All determinations were performed in duplicate samples and standardized to 1 mg of
total protein. Total protein content was determined colorimetrically using the bicinchoninic acid assay
with bovine serum albumin as a standard (Thermo Scientific PIERCE BCA Protein Assay Kit, Rockford,
IL, USA).

2.3.1. Antioxidant Barrier

The activity of serum Cu-Zn-superoxide dismutase (SOD, EC 1.15.1.1) was assessed
spectrophotometrically by measuring the inhibition rate of adrenaline oxidation at 480 nm [21].
One unit of SOD activity was defined as the quantity of enzyme inhibiting adrenaline oxidation by 50%.
The activity of serum catalase (CAT, EC 1.11.1.6) was assessed spectrophotometrically by measuring
hydrogen peroxide (H2O2) decomposition at 240 nm [22]. One unit of CAT activity was defined as the
quantity of the enzyme catalyzing decomposition of 1 mM of H2O2 per 1 min. The activity of serum
glutathione peroxidase (GPx, EC 1.11.1.9) was assessed spectrophotometrically at 340 nm based on the
reduction of organic peroxides by GPx in the presence of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) [23]. The activity of serum glutathione reductase (GR, EC 1.8.1.7) was assessed
spectrophotometrically at 340 nm by measuring the decrease in NADPH absorbance [24]. One unit of
GR activity was defined as the amount of enzyme catalyzing the oxidation of 1 μM NADPH per 1 min.

The concentration of plasma glutathione was assessed colorimetrically using the enzymatic
reaction with NADPH, 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), and GR [25,26]. The absorbance was
measured at 412 nm. The reduced glutathione (GSH) concentration was calculated from the difference
between the concentration of total glutathione and oxidized glutathione (GSSG). Oxidation/reduction
potential (redox status) was calculated based on the formula = (GSH)2/(GSSG) [27].

The concentration of plasma uric acid (UA) was assessed spectrophotometrically at 630 nm using
the commercial kit (QuantiChromTM Uric Acid DIUA-250; BioAssay Systems, Harward, CA, USA),
according to the manufacturer’s instructions.

2.3.2. Oxidative Stress Products

The content of plasma advanced glycation end products (AGE) was assessed spectrofluorimetrically
by measuring AGE-specific fluorescence at 350/440 nm [28]. Immediately before the assay, plasma
samples were diluted (1:5, v:v) in 0.02 M phosphate-buffered saline (PBS), pH 7.4 [29]. The concentration
of plasma advanced oxidation protein products (AOPP) was assessed spectrophotometrically at 340 nm
by measuring the iodide ion oxidizing capacity of the plasma [28]. Immediately before the assay,
plasma was diluted (1:5, v:v) in 0.02 M PBS [29]. The concentration of plasma 4-hydroxynoneal protein
adducts (4-HNE) and 8-isoprostanes (8-isop) was evaluated using commercial ELISA kits (OxiSelect
HNE Adducts Competitive ELISA Kit, Cell Biolabs, Inc., San Diego, CA; 8-Isoprostane ELISA Kit,
Cayman Chemicals, Ann Arbor, MI, USA; respectively), according to the manufacturer’s instructions.

2.3.3. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.3.0 for MacOS (GraphPad Software, Inc.
La Jolla, USA). The normality of the distribution was assessed using the Shapiro–Wilk test. For comparison
of quantitative variables, the Kruskal–Wallis ANOVA test and Dunn’s test were used. Multiplicity adjusted
p-value was also calculated. The relationship between the assessed redox biomarkers was evaluated
using the Spearman rank correlation. In order to determine the diagnostic utility of measured parameters,
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receiver operating characteristic (ROC) curves were drawn, and the area under the curve (AUC) was
calculated. The statistical significance level was set at p < 0.05.

The number of subjects was determined based on our previous experiment, assuming that the
power of the test would be equal to 0.9.

3. Results

Table 1 shows a comparison of the clinical and laboratory characteristics of the lean control (C),
patients with morbid obesity without metabolic syndrome (OB 0) and patients with morbid obesity and
metabolic syndrome (OB +MS 0) before and after the bariatric surgery. We found significantly higher
values in BMI, waist-hip ratio (WHR), and waist circumference as well as in CRP, white blood cell,
glucose, and insulin levels and HOMA-IR, in both groups of patients with obesity compared with lean
patients, whereas HDL levels were decreased. Total cholesterol, low-density lipoprotein concentration,
and blood pressure were greater in OB +MS 0 patients compared with controls. The body weight, BMI
as well as WHR diminished after bariatric surgery in both studied groups at six and twelve months
after bariatric surgery. Additionally, we noticed significant differences between OB 3 and OB +MS 3 as
well as OB 6 and OB +MS 6 regarding the following: fasting plasma glucose and TAG (Table 1).

Individual data of metabolic parameters are presented in Supplementary Materials (Table S1).

3.1. Antioxidant Barrier

Both enzymatic (SOD, CAT, GPx, and GR) and non-enzymatic antioxidants (UA, GSH, and GSSG)
were used to assess the antioxidant status. Redox potential [GSH]2/[GSSG] has also been calculated.

3.1.1. Superoxide Dismutase (SOD)

The activity of serum SOD was significantly decreased in both studied groups before the bariatric
surgery: OB 0 (−23%, p < 0.0001) and OB + MS 0 (−27%, p < 0.0001) as compared to lean control.
Interestingly, in morbidly obese patients with metabolic syndrome: OB +MS 1 (−19%, p = 0.0064),
OB +MS 3 (−16%, p = 0.0282), OB +MS 6 (−18%, p = 0.0085) and OB +MS 12 (−21%, 0.0007), the
activity of SOD was also lower in every time period after the surgery than in lean individuals, whereas
we did not observe any changes in patients with morbid obesity without metabolic syndrome at the
same time period. Furthermore, in OB 1 and OB 12 groups, we found the increase in SOD activity
(+20%, p = 0.0295 +26%, p = 0.003, respectively) in comparison with OB 0 patients (Figure 1A).

3.1.2. Catalase (CAT) and Glutathione Peroxidase (GPx)

There were no statistically significant differences in the activity of serum CAT and GPx in the
serum of studied groups (OB and OB +MS) compared with control. Also, the GPx activity did not
change in OB and OB +MS patients after bariatric treatment (Figure 1B–D).

3.1.3. Glutathione Reductase (GR)

The activity of serum GR was significantly increased in the OB +MS 0 (+15%, p = 0.05) group as
compared to healthy controls (+19%, p = 0.05) and the OB subgroup (+16%, p = 0.05).

3.1.4. Uric Acid (UA)

The plasma concentration of UA was significantly higher before (OB 0: +15%, p = 0.0002) as
well as one month (OB 1: +13%, p = 0.0029) after the bariatric surgery in morbid obesity without
metabolic syndrome patients compared to the control group. Furthermore, we observed a decrease in
UA concentration in the OB 3 group (−17%, p < 0.0001) compared with OB 0. Interestingly, in plasma
of morbidly obese subjects with metabolic syndrome, the UA concentration was greater in OB +MS 0
(+20%, p < 0.0001), OB +MS 1 (+14%, p = 0.0003), OB +MS 6 (+13%, p = 0.0045) and OB +MS 12
(+10%, p = 0.0187) as compared to lean individuals (Figure 1E).
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Figure 1. Activity of serum enzymatic (A–D) and plasma non-enzymatic antioxidants (E) of the control,
morbid obesity without metabolic syndrome (OB) and morbid obesity with metabolic syndrome
(OB + MS). Results are presented as median with 95% Cl. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 indicate significant differences from the control; # p < 0.05, ## p < 0.01, #### p < 0.0001
indicate significant differences from the morbid obesity without metabolic syndrome (OB 0) patients
before bariatric surgery. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
glutathione reductase (GR) and uric acid (UA), morbidly obese patients without metabolic syndrome
(OB) and morbidly obese patients with metabolic syndrome (OB +MS), before (OB 0; OB +MS 0) as
well as one month (OB 1; OB +MS 1), three months (OB 3; OB +MS 3), six months (OB 6; OB +MS 6)
and twelve months (OB 12; OB +MS 12) after bariatric surgery.
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3.1.5. Reduced Glutathione (GSH)

The concentration of GSH was significantly lower in the plasma of both obese groups before
the bariatric surgery: OB 0 (−26%, p = 0.0447) and OB + MS 0 (−33%, p = 0.0001) as compared to
control. In addition, the GSH concentration was significantly decreased in the plasma of morbidly
obese patients with metabolic syndrome in three (OB +MS 3: −31%, p = 0.0040) and six (OB +MS 6:
−25%, p = 0.0108) months after bariatric treatment (Figure 2A).

Figure 2. Plasma concentration of glutathione (GSH) (A), glutathione disulfide (GSSG) (B) and redox
status (C) of the control, morbid obesity without metabolic syndrome (OB) and morbid obesity with
metabolic syndrome (OB +MS). Results are presented as median with 95% Cl. *p < 0.05,** p < 0.01,
*** p < 0.001, **** p < 0.0001 indicate significant differences from the control; glutathione (GSH),
glutathione disulfide (GSSG), morbidly obese patients without metabolic syndrome (OB) and morbidly
obese patients with metabolic syndrome (OB +MS), before (OB 0; OB +MS 0) as well as one month
(OB 1; OB +MS 1), three months (OB 3; OB +MS 3), six months (OB 6; OB +MS 6) and twelve months
(OB 12; OB +MS 12) after bariatric surgery.

3.1.6. Glutathione Disulfide (GSSG)

The concentration of plasma GSSG was only markedly higher in OB + MS 0 patients (+89%,
p = 0.0015) as compared to the control group (Figure 2B).

3.1.7. Redox Status

Plasma redox status was significantly decreased in OB 0 (−46%, p = 0.0105) and OB +MS 0 (−82%,
p < 0.0001) in comparison with the control group. Interestingly, in morbidly obese patients with metabolic
syndrome it was still diminished after bariatric surgery: OB +MS 3 (−77%, p = 0.0004) and OB +MS 6
(−54%, p = 0.0088) (Figure 2C).
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3.2. Oxidative Damage Products

Oxidative stress was assessed based on the protein (AGE, AOPP) and lipid (4-HNE, 8-isoP)
oxidative damage.

3.2.1. Advanced Glycation End Products (AGE)

The AGE plasma content significantly increased in morbidly obese patients without metabolic
syndrome OB 0 (+23%, p = 0.0026) as well as in those with metabolic syndrome OB +MS 0 (+31%,
p < 0.0001) as compared to the control group. Moreover, we noticed that, the AGE content diminished
in both obese groups twelve months after bariatric treatment OB 12 (−16%, p = 0.0041 vs. OB 0) and
OB +MS 12 (−17%, p = 0.0018 vs. OB +MS 0) (Figure 3A).

3.2.2. Advanced Oxidation Protein Products (AOPP)

We found a markedly higher plasma concentration of AOPP in obese patients: OB 0 (+32%,
p = 0.0099) and OB +MS 0 (+64%, p = 0.0001) as compared to lean ones. Similar to the AGE content,
the AOPP concentration decreased after the bariatric surgery: OB 1 (−25%, p = 0.0323 vs. OB 0) and
OB +MS 12 (−34%, p = 0.0417 vs. OB +MS 0) (Figure 3B).

3.2.3. 8-Isoprostanes (8-isop)

The 8-isop concentration was significantly greater in both morbidly obese groups before bariatric
surgery as well as in every time period after the surgery compared to lean patients: OB 0 (+82%,
p < 0.0001), OB 1 (+99%, p < 0.0001), OB 3 (+46%, p = 0.0002), OB 6 (+59%, p < 0.0001), OB 12 (+48%,
p < 0.0001), OB +MS 0 (+77%, p < 0.0001), OB +MS 1 (+98%, p < 0.0001), OB +MS 3 (+49%, p = 0.0002),
OB +MS 6 (+48%, p < 0.0001), and OB +MS 12 (+46%, p = 0.0002). Interestingly, in morbidly obese
group with metabolic syndrome, the plasma concentration of 8-isop diminished three and twelve
months after the bariatric surgery: OB +MS 3 (−17%, p = 0.014 vs. OB +MS 0) and OB +MS 12 (−18%,
p = 0.0194 vs. OB +MS 0) (Figure 3C).

3.2.4. 4-Hydroxynoneal Protein Adducts (4-HNE)

We found differences in the plasma 4-HNE concentration of OB +MS 0 (+3%, p = 0.0053) and OB
6 (+4%, p = 0.0024) patients in comparison with the control group (Figure 3D).

3.2.5. Correlations

Correlations between the analyzed redox biomarkers and clinical parameters are presented in the
heat maps (Figures 4 and 5).

In the OB subgroup, we found negative correlations between CAT and glucose (R = −0.432;
p = 0.014) as well as GPx and HOMA-IR (R = −0.375; p = 0.049). Additionally, in OB patients there
were positive correlations between GR and AOPP (R = 0.934; p < 0.0001) and GR and TG (R = 0.367;
p = 0.046). A positive correlation was also revealed between UA and BMI (R = 0.371; p = 0.04).
Moreover, serum GSSG concentration was associated with the plasma insulin (R = 0.616; p < 0.0001),
HOMA-IR (R = 0.402; p = 0.028) and plasma CRP (R = 0.465; p = 0.006) of the OB subgroup. In OB
patients, AOPP was positively correlated with TG (R = 0.402; p = 0.028) (Figure 4).

In the OB +MS subgroup, we showed high positive correlations between GR and AOPP (R = 0.93;
p < 0.0001). The positive correlations were also demonstrated between UA and HDL (R = 0.507;
p = 0.008) as well as AGE and LDL (R = 0.407; p = 0.031) (Figure 5).
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Figure 3. Plasma content of advanced glycation end products (AGE) (A), plasma concentration of
advanced oxidation protein products (AOPP) (B), 8-isoprostanes (8-isop) (C) and 4-hydroxynoneal
protein adducts (4-HNE) of the control (D), morbid obesity without metabolic syndrome (OB) and
morbid obesity with metabolic syndrome (OB +MS). Results are presented as median with 95% Cl.
** p < 0.01, *** p < 0.001, **** p < 0.0001 indicate significant differences from the control; ## p < 0.01
indicate significant differences from the morbid obesity without metabolic syndrome (OB 0) patients
before bariatric surgery; ˆ p< 0.05, ˆˆ p< 0.01 indicate significant differences from the morbid obesity with
metabolic syndrome (OB +MS 0) patients before bariatric surgery. Advanced glycation end products
(AGE), advanced oxidation protein products (AOPP), 8-isoprostanes (8-isop) and 4-hydroxynoneal
protein adducts (4-HNE), morbidly obese patients without metabolic syndrome (OB) and morbidly
obese patients with metabolic syndrome (OB +MS), before (OB 0; OB +MS 0) as well as one month
(OB 1; OB +MS 1), three months (OB 3; OB +MS 3), six months (OB 6; OB +MS 6) and twelve months
(OB 12; OB +MS 12) after bariatric surgery.
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Figure 4. Correlations between the analyzed redox biomarkers and clinical parameters in patients with
morbid obesity without metabolic syndrome (OB 0). Superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR) and uric acid (UA), glutathione (GSH),
glutathione disulfide (GSSG) advanced glycation end products (AGE), advanced oxidation protein
products (AOPP), 8-isoprostanes (8-isop) and 4-hydroxynoneal protein adducts (4-HNE), C-reactive
protein (CRP), high-density lipoprotein (HDL), homeostatic model assessment of insulin resistance
(HOMA-IR), low-density lipoprotein (LDL), triacylglycerol (TG), white blood cell count (WBC).

Figure 5. Correlations between the analyzed redox biomarkers and clinical parameters in patients
with morbid obesity and metabolic syndrome (OB +MS 0). Superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), glutathione reductase (GR) and uric acid (UA), glutathione (GSH),
glutathione disulfide (GSSG)advanced glycation end products (AGE), advanced oxidation protein
products (AOPP), 8-isoprostanes (8-isop) and 4-hydroxynoneal protein adducts (4-HNE), C-reactive
protein (CRP), high-density lipoprotein (HDL), homeostatic model assessment of insulin resistance
(HOMA-IR), low-density lipoprotein (LDL), triacylglycerol (TG), white blood cell count (WBC).
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3.2.6. ROC Analysis

We checked whether the assessed redox biomarkers differentiated cases with morbid obesity
from obese cases with metabolic syndrome. Nevertheless, none of the biomarkers (with high
specificity/sensitivity) distinguishes the tested groups. The best diagnostic utility has been demonstrated
for the serum GR. This parameter with moderate sensitivity (71%) and specificity (61%) differentiates
patients with morbid obesity from obese patients with MS (Figure 6). The optimal GR activity
differentiating the two groups is >7.450 mU/mg protein at an AUC of 0.72 (p = 0.003).

Figure 6. Area under the curve (AUC) of glutathione reductase (GR) activity between the obese patients
and cases with obesity and metabolic syndrome. Glutathione reductase (GR), morbid obesity without
metabolic syndrome (OB) and morbid obesity with metabolic syndrome (OB +MS). ** p < 0.01 indicate
significant difference from the OB 0.

4. Discussion

Numerous studies indicate that visceral obesity is the main cause of insulin resistance and MS [30];
nevertheless, the causes of reduced insulin sensitivity in the target organs are not exactly known. It is
suggested that the common denominator of these metabolic disturbances may be redox imbalance as
well as increased oxidative stress [31]. Moreover, despite the proven effectiveness of bariatric surgery,
it is unclear whether it improves the redox homeostasis of morbidly obese cases. According to our
knowledge, this is the first study evaluating the redox balance, glutathione metabolism, and oxidative
damage to proteins and lipids in the plasma and serum of morbidly obese patients not only before, but
also one, three, six and twelve months after bariatric surgery. We are also the first to compare the redox
homeostasis of obese patients with metabolic syndrome to obese cases only.

4.1. Antioxidant Barrier

Literature data unequivocally shows that bariatric surgery leads to a marked reduction in adipose
tissue mass, followed by an improvement in systemic inflammation [32]. However, with respect to
the antioxidant status and oxidative stress, there are some contradictions. Indeed, in obese patients,
both increases and decreases in the antioxidant barrier are observed [33–35]. These differences may be
associated with the duration of obesity as well as the age of obese patients. It is suggested that the
antioxidant systems are prompted in the early stage of the disease, whereas in long-term obesity, the
source of antioxidants depletes and causes decreased activity of the antioxidant enzymes [34,36]. In our
study, the activity of antioxidant enzymes did not differ significantly. Nevertheless, SOD activity was
reduced in obese patients both before as well as after the bariatric treatment. In obesity, an important
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source of ROS is an excessive increase in energetic substrates provided to the respiratory chain in
mitochondria. This leads to the formation of considerable amounts of superoxide anions that exceed
the antioxidant capacity of the body [37]. However, chronic inflammation is also associated with
enhanced production of ROS in obese patients [38,39]. Adipokines secreted by adipose tissue activate
the transcription factor NF-κB (nuclear factor-kappa B), which enhances NADPH oxidase (NOX)
activity and stimulates phagocytes. Indeed, phagocytes are a rich source of superoxide radicals that
produce their large quantities during respiratory burst [39,40]. Under these conditions, the active center
of SOD can be inactivated by enhanced levels of free radicals. Although we have not directly evaluated
the rate of ROS formation, decreased SOD activity may indicate the long-term overproduction of free
radicals in obese patients. Interestingly, Mohseni et al. [41] found a positive correlation between SOD
expression and BMI, insulin, HOMA-IR, LDL, total cholesterol and TG. In our study, the activity of
SOD does not normalize after bariatric treatment, which suggests the persistence of redox imbalance in
obese individuals. Indeed, although body weight has been significantly reduced after the surgery, all
patients are still obese and their fat tissue may be an important source of ROS and inflammation.

The antioxidant reserves may also deplete with age. However, our patients were in a similar age
range, so the effect of age on the evaluated redox biomarkers is limited [42].

The activity of CAT and GPx did not differ significantly. However, the activity of GR was
statistically higher in patients with obesity and MS before bariatric surgery (as compared to controls
and obese patients without MS). Considering that GR participates in the regeneration of GSH, an increase
in enzyme activity may be an adaptive reaction related to a decrease in glutathione synthesis [24,36].
Indeed, GSH concentration was significantly lower in the plasma of both study groups as compared to
healthy controls. Moreover, an increase in GR activity may respond to the overproduction of ROS and
the enhanced oxidative damage in the cell. This hypothesis may be confirmed by the strong positive
correlation between GR activity and protein oxidation products (AOPP) observed in the study group.

The glutathione level was also significantly reduced in obese patients with MS after the bariatric
treatment. This indicates a higher depletion of glutathione reserves in patients with obesity and
metabolic syndrome. It should be recalled that GSH is the most important intracellular antioxidant.
Reduced glutathione can react with superoxide and hydroxyl radicals, leading to an accumulation of
GSSG in the cytosol [43]. However, GSSG can also react with thiol groups of proteins, contributing to
the induction of oxidative stress [43]. In our study, GSSG concentration was higher in obese patients
with metabolic syndrome before the bariatric treatment (Figure 1B). The positive correlation between
GSSG concentration and insulin level/HOMA-IR is also interesting, which may indicate a potential link
between glutathione oxidation and disease progression. Importantly, the redox status of obese cases
was significantly reduced before the surgery, similarly to obese patients with MS at 3 and 6 months
after the surgery. The redox status (ratio of reduced and oxidized glutathione) is used to assess the
oxidative-reduction potential of the sample and characterizes the resultant ability of the biological
system to counteract oxidative stress [26]. Thus, the oxidant/antioxidant balance is disturbed in patients
before the bariatric treatment. However, redox homeostasis is also impaired in obese patients with
MS after the surgery. In opposition to our results, Bankoglu et al. [44] found greater GSH and GSSG
content in erythrocytes from obese patients before bariatric surgery. Sarosiek et al. [17] observed an
increase in oxidized forms of glutathione and cysteine in obese subjects after bariatric surgery.

Uric acid is the end-product of endogenous and dietary purine metabolism [45]. It is also the
most important body antioxidant responsible for up to 70%–80% of plasma antioxidant capacity [40].
In low concentrations, UA effectively sweeps oxygen/nitrogen free radicals; nevertheless, at elevated
concentrations, it also generates ROS and oxidizes cellular biomolecules [46]. It has been demonstrated
that hyperuricemia is associated with obesity, especially with the accumulation of visceral fat [47].
Additionally, evaluated serum UA may imply an increased risk of various metabolic disorders, such
as glucose intolerance, T2DM, high blood pressure, metabolic syndrome as well as cardiovascular
disease [45,48,49]. Indeed, hyperuricemia is responsible for reducing the release of nitric oxide (NO)
and the resulting endothelial dysfunction/platelet aggregation [46]. Although these reactions may
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be partially blocked by glutathione, when the concentration of GSH decreases, there is an increased
production of nitrogen free radicals. However, how does bariatric treatment affect the blood UA levels?
Liu et al. [45] observed a decrease in serum UA of women and men one year after bariatric surgery.
However, in our study, a statistically significant change was found only in patients from the OB 3 group.
No significant decrease of UA concentration after bariatric surgery, especially in the OB +MS group,
may be associated with the very high weight of all patients (Figure 1E). Our patients had class 3 obesity
(mean BMI > 40 kg/m2), and those described by Liu et al. [45] had BMI < 35 kg/m2 (class 1 obesity).
This confirms our earlier hypothesis about the persistence of redox imbalance after bariatric surgery.

4.2. Oxidative Damage to Proteins and Lipids

Although changes in the concentration/activity of antioxidants may indicate a systemic redox
imbalance, the evaluation of cellular oxidation products is necessary to demonstrate oxidative stress
in the biological system [8]. In this study, we assessed the products of protein (AGE, AOPP) and
lipid (4-HNE, 8-isop) plasma oxidation. AGEs are pro-oxidant compounds formed through the
non-enzymatic glycation of proteins [50]. Their higher formation is caused mainly by hyperglycemia
and, therefore, they are a recognized biomarker of protein carbonyl stress [51]. In our research, AGEs
content was significantly increased in both studied groups as compared to the healthy control group.
AGEs can bind to receptors on the cell surface and influence several intracellular processes. Indeed,
by combining with a specific receptor (RAGE), AGEs increase the production of ROS (through NOX
induction), but also enhance the expression of the NF-κB pathway. Under these conditions, other
signal routes (MAP-kinases, NJK and p21RAS) can be activated [39,52]. It is suggested that AGEs
may play a key role in the development of insulin resistance [39,52]. However, the AGE level was
diminished twelve months after bariatric surgery. This is undoubtedly related to the improvement of
metabolic status in obese people. Indeed, we observed a decrease in pro-inflammatory parameters
such as CRP and WBC. Also, the plasma concentration of glucose and insulin, as well as total
cholesterol and LDL diminished in both morbidly obese cases (Table 1). Given the key role of protein
glycation in the progression of microvascular lesions, a decrease in AGEs after the surgery may
explain the reduced incidence of retinopathy, nephropathy and neuropathy in patients undergoing
treatment [52,53]. Indeed, the most common cause of microangiopathy is basement membrane
thickening and extracellular matrix hypertrophy [53]. In our patients, the AOPPs concentration also
decreased after the bariatric surgery. AOPPs are a family of dityrosine-containing products produced
by the reaction of proteins with hypochlorous acid, resulting from myeloperoxidase activity [54].
AOPP appears to be superior to other redox markers due to its early formation, greater stability and
longer half-life [55]. Increased accumulation of AOPP has been linked with oxidative stress-related
diseases and impaired carbohydrate metabolism (obesity, T2DM as well as metabolic syndrome) [56–58].
Krzystek-Korpacka et al. [59] observed a reduction in the plasma AOPP levels after the weight loss
caused by lifestyle modification (encompassing physical activity and low caloric diet). Nevertheless,
so far, no one has examined the impact of bariatric surgery on AOPP levels in morbidly obese patients.
Therefore, we have shown that bariatric surgery not only reduces protein glycation (carbonyl stress;
AGE) but also decreases protein oxidation in obese cases (AOPP).

In our study we also evaluated lipid oxidation products: 8-isoprostanes and 4-hydroxynonneal protein
adducts. Previously, greater levels of 8-isoP and 4-HNE have been shown in diabetes, atherosclerosis,
cardiovascular diseases, and cancers [60–62]. However, knowledge of lipid oxidation in the course of
bariatric treatment is still limited. In our previous study [7] we evaluated lipid oxidation products in the
nonstimulated and stimulated saliva of patients with morbid obesity treated with bariatric surgery. We [7]
found a significantly higher concentration of 8-isoP and 4-HNE in nonstimulated and stimulated saliva of
obese cases before, as well as six months after the surgery. In this study, the 8-isop concentration was
significantly greater in both obese groups before bariatric surgery as well as in every time period after
the treatment (as compared to the control). This is not surprising because lipids, especially unsaturated
ones, are relatively unstable compounds that are easily oxidized. Although lipid oxidation is a complex
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process, it occurs particularly when the antioxidant barrier is exhausted [26,40]. Thus, in our patients,
changes in glutathione metabolism, reduced SOD activity as well as an increase in uric acid level may
be crucial. It has been shown that lipid peroxidation products change the physical properties of cell
membranes. Indeed, lipoperoxidation leads to a disturbance of cell membrane asymmetry as well as an
inhibition of membrane enzymes and transporter proteins [26,40]. However, in morbidly obese cases, the
plasma concentration of 8-isop diminished in three and twelve months after the surgery. This suggests a
decrease in lipid peroxidation depending on the time of surgical treatment. Nevertheless, the level of
4-hydroxynonneal protein adducts was increased only in obese patients with metabolic syndrome before
the bariatric surgery. Although lipid peroxides can react with proteins and nucleic acids, this occurs only
under severe oxidative stress [26,40]. Additionally, of all lipid peroxidation products, 4-HNE is considered
the most cytotoxic form of lipid damage [26].

4.3. Diagnostic Significance

Recently, there has been a growing interest in the use of redox biomarkers in the diagnosis of
various systemic diseases [19,36,63–69]. This is not surprising because oxidative stress plays a key role
not only in the pathogenesis of neurodegenerative diseases/cancers but also many metabolic diseases
such as insulin resistance, hypertension, diabetes and metabolic syndrome [40]. We compared whether
antioxidants/oxidation products can differentiate between patients with obesity and those with obesity
and metabolic syndrome. Although the diagnostic criteria for MS are widely known and routinely
used, we have checked whether the assessment of a single biomarker can help to diagnose metabolic
syndrome. However, none of the parameters with high sensitivity/specificity differentiates the tested
groups. The best diagnostic utility has been demonstrated for the serum GR. Interestingly, GR activity
also correlates with TG content in obese cases. However, it is necessary to conduct further studies on a
larger population of patients.

4.4. Study Limitations

Despite a carefully selected group of patients, our work has certain limitations. We are not
able to eliminate the influence of hypotensive/antidiabetic drugs on the assessed redox biomarkers.
Besides, the study was conducted exclusively on women. We have previously shown that blood redox
homeostasis does not depend on sex in healthy controls [42]; however, it is still unclear whether sex
does not affect oxidative stress in obese patients undergoing bariatric treatment. Finally, we evaluated
only selected antioxidants and biomarkers of oxidative stress, so we cannot fully conclude on redox
homeostasis in obese cases. Although the study should be conducted on a larger population of patients,
it should be stressed that for long-term observation, we have included a relatively large number of
obese patients cautiously selected for accompanying diseases. Thus, our study is the starting point for
further basic and clinical research.

5. Conclusions

In obese patients, the antioxidant status is disturbed and protein/lipid oxidation is increased.
Although bariatric surgery improves redox homeostasis in obese cases, enzymatic and non-enzymatic
antioxidant barriers as well as oxidative stress are not found at the control group level. Although the
redox homeostasis disorders seem to be similar in patients with obesity and MS as well as obesity
itself, cases with metabolic syndrome showed a continuous decrease in the antioxidant status (GSH,
[GSH]2/[GSSG]), reduced SOD activity and an increase in UA plasma concentration. Given the
persistence of glutathione alterations after the bariatric treatment, antioxidant supplementation should
be considered in obese patients with MS. Additionally, further long-term studies are needed on a larger
population of obese cases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/976/s1,
Table S1: Individual data of metabolic parameters in the study group.
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36. Świderska, M.; Maciejczyk, M.; Zalewska, A.; Pogorzelska, J.; Flisiak, R.; Chabowski, A. Oxidative stress
biomarkers in the serum and plasma of patients with non-alcoholic fatty liver disease (NAFLD). Can plasma
AGE be a marker of NAFLD? Free Radic. Res. 2019. [CrossRef]

37. Styskal, J.; Van Remmen, H.; Richardson, A.; Salmon, A.B. Oxidative stress and diabetes: What can we learn
about insulin resistance from antioxidant mutant mouse models? Free Radic. Biol. Med. 2012, 52, 46–58.
[CrossRef] [PubMed]

38. Solinas, G.; Karin, M. JNK1 and IKKβ: Molecular links between obesity and metabolic dysfunction.
FASEB J. 2010. [CrossRef]
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Abstract: Almost one third of patients do not achieve type 2 diabetes remission after bariatric surgery
or are unable to sustain this effect long term. Our objective was to delve further into the dynamic
responses of diabetes after bariatric surgery and to evaluate the “time-within-remission range” as a
variable of metabolic control. A descriptive cohort study was done using a computerised multicentre
and multidisciplinary registry. All data were adjusted by propensity score. A total of 1186 subjects
with a follow-up of 4.5 ± 2.5 years were included. Type of surgery, diabetes remission, recurrence
of diabetes, “time-within-remission range” and key predictors of diabetes outcomes were assessed.
All patients (70% women, 51.4 ± 9.2 years old, body mass index (BMI) 46.3 ± 6.9 kg/m2) underwent
primary bariatric procedures. “Time-within-remission range” were 83.3% (33.3–91.6) after gastric
bypass, 68.7% (7.1–87.5) after sleeve gastrectomy and 90% (83.3–92.8) after malabsorptive techniques
(p < 0.001 for all). Duration of diabetes, baseline HbA1c and insulin treatment were significantly
negatively correlated with the “time-within-remission range”. The association of bariatric techniques
with “time-within-remission range”, using gastric bypass as a reference, were: odds ratio (OR) 3.70
(2.34–5.84), p < 0.001 for malabsorptive techniques and OR 0.55 (0.40–0.75), p < 0.001 for sleeve
gastrectomy. Characteristics of type 2 diabetes powerfully influence the outcomes of bariatric
surgery. The “time-within-remission range” unveils a superiority of gastric bypass compared to
sleeve gastrectomy.

Keywords: bariatric surgery; time-within-remission range; type 2 diabetes; metabolic control

1. Introduction

There is no doubt that obesity has reached pandemic trends during the latter half of the century [1].
This evidence goes in parallel with another concern, the finding of higher waist circumference at
increasing body mass index (BMI) levels, further accelerating the cardiometabolic health consequences
of abdominal adiposity [2]. In fact, obesity increases the risk of comorbid conditions, including type 2
diabetes, cardiovascular diseases, obstructive sleep apnea, non-alcoholic fatty liver disease and cancer.
Therefore, obesity impairs quality of life and life expectancy of the world’s population, becoming a
major public health challenge that requires strategies at many levels, not only on prevention but also on
monitoring and management. However, the discouraging long-term results achieved with dietary and
behavioural interventions and the up-till-now few safe and effective drugs available for the treatment
of obesity have led to a marked increase in the use of bariatric surgery (BS) in Western countries [3].
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Nowadays, BS is the most effective treatment for weight loss and remission of comorbidities in
subjects with severe obesity. Regarding type 2 diabetes, BS results in superior short- and long-term
outcomes compared to the best medical treatment. These outcomes include diabetes remission,
and improvement in microvascular complications, together with favourable consequences in hard
endpoints such as macrovascular complications and death [4–6]. However, a growing number of
patients (25%–40%) with diabetes do not achieve “biochemical remission” after BS or are unable to
sustain this effect in the long term despite initial success [7–9]. High baseline HbA1c, low C-peptide
values, preoperative use of insulin, long diabetes duration and low magnitude of weight loss have
been negatively related to type 2 diabetes remission [10].

There is still no conclusive evidence about which is the best type of surgery to treat obesity and
diabetes. Three randomised clinical trials (RCT) have been carried out to assess diabetes’ short-term
outcomes comparing gastric bypass (GBP) and sleeve gastrectomy (SG), with similar results [11–13].
In addition, the RCT from Mingrone et al. clearly showed better glycaemic control and weight
loss results after biliopancreatic diversion compared to GBP and medical treatment [14]. However,
the limited number of participants assigned to each arm precluded definitive conclusions. Also, there
is no data available from RCT about the impact of BS on other metrics of glycaemic control beyond
glycaemia and HbA1c. Data from the continuous glucose monitoring (CGM) studies in patients
with type 1 diabetes suggest that time within glucose target range (“time-in-range”) provides more
suitable information than fasting plasma glucose or HbA1c for medical care [15]. This kind of metric
approximation has not been previously applied to BS studies.

In May 2011, the Obesity Group of the Spanish Endocrinology and Nutrition Society (GOSEEN)
created a non-exhaustive computerised multicentre and multidisciplinary registry of patients with
obesity undergoing bariatric procedures in Spanish public hospitals since 2000 [16]. The RICIBA
(Registro Informatizado de Cirugía Bariátrica) tries to better understand the baseline characteristics and
surgical outcomes of BS [17]. Therefore, our objective was to delve further into the dynamic responses
of diabetes in 1186 patients with morbid obesity and type 2 diabetes included in the RICIBA-DM
(diabetes mellitus) study who underwent bariatric procedures between 2000 and 2016 in Spain.

2. Methods

2.1. Study Design and Description of the Study Population

In this study, we have investigated the dynamic responses of diabetes following bariatric surgery
in a large cohort of Spanish subjects according the “Strengthening the Reporting of Observational
Studies in Epidemiology” guidelines for reporting cohort studies [18]. The RICIBA-DM was created in
August 2017 with the main objective to register patients with type 2 diabetes, who underwent primary
BS in 25 public Spanish hospitals between the years 2000 and 2016. The initial database was designed
by a specific board from GOSEEN, and every health professional willing to participate obtained an
access password. Each researcher had access only to their own patients according to the Spanish data
protection law.

Only subjects with complete and documented baseline data and at least a 1-year follow-up period
were included in the final analysis. Subjects who underwent revisional surgeries finished the follow-up
at that moment.

2.2. Assessed Variables in the RICIBA-DM

The following information was recorded at baseline and every six months until the end of the
follow-up: demographic and anthropometric data (gender, age, weight and height), analytical data
(triglycerides, high-density lipoprotein cholesterol (HDLc) and low-density lipoprotein cholesterol
(LDLc)), morbidity related to the obesity state (high blood pressure, dyslipidaemia), data related with
diabetes (fasting plasma glucose, HbA1c, antidiabetic treatment, need for insulin, disease duration)
and type of surgical procedure performed.
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2.3. Study Size for the RICIBA-DM

By January 2019, a total of 1637 registers had been summited to the RICIBA-DM database.
The database including the required clinical, analytical and anthropometric information of 1337 patients
with obesity and type 2 diabetes was closed in February 2019. Finally, the 1186 subjects with no
missing data and who had a minimum follow-up of 12 months after BS were included in the analysis
(Figure S1).

2.4. Diagnostic Criteria to Define Metabolic and Weight Responses After Bariatric Surgery

Diabetes was diagnosed according to the American Diabetes Association criteria [19]. We defined
diabetes remission as HbA1c < 6.5% and fasting plasma glucose (FPG) < 126 mg/dl in the absence of
diabetic medication, including both complete and partial remission within this description. Recurrence
of diabetes was defined as a new diagnosis of diabetes once remission had been achieved. Good
metabolic control was defined as HbA1c < 7%, irrespective of diabetes medication [19]. A novel
variable, “time-within-remission range”, was created: the time that subjects were in diabetes remission
during the follow-up after BS, expressed as median percentage (25th–75th percentiles). The aim of
this variable was to include all the periods of time during follow-up during which subjects met the
diabetes remission criteria, taking into account that subjects could switch from one glycaemic category
to another several times during the follow-up.

Hypertension was defined as blood pressure ≥ 140/90 mmHg or taking antihypertensive treatment.
Dyslipidaemia was based on the presence of fasting LDLc ≥ 160 mg/dL, HDLc ≤ 40 mg/dL, fasting
triglyceride ≥ 200 mg/dL or active use of lipid lowering therapy [19]. Weight regain was calculated as
the difference between the weight lost at nadir and the weight on the last observation expressed as
percentage [20].

2.5. Statistical Analysis

Given the diversity of surgical techniques, in particular, malabsorptive surgeries, we grouped
surgeries into three main groups: GBP, SG and the malabsorptive techniques’ group (MAs),
which includes biliopancreatic diversion with or without duodenal switch, and single anastomosis
duodenal-ileal bypass with sleeve gastrectomy (SADI-S).

Categorical variables were described as frequencies and percentages and continuous variables as
mean (standard deviation, SD). The survival function was described using the Kaplan–Meier function.

Standardised differences, defined as differences between groups divided by pooled standard
deviation, were used to assess heterogeneity between the three cohorts for baseline covariables.
To address potential sources of bias, the Inverse Probability of the Treatment Weights (IPTW)
approach [21] was used to create a pseudo-population, in which the 3 surgery groups were balanced
across baseline covariates. The stabilised weights were calculated using propensity scores (PS)
obtained from a logistic regression model aimed at minimising the standardised differences between
arms [22]. The covariates included in the final model were age, gender, BMI, weight, glucose,
LDLc, HDLc, triglycerides, HbA1c, type of diabetes treatment, diabetes duration, hypertension and
dyslipidaemia. Almost all are key predictors of diabetes outcomes that might be imbalanced in
non-randomised comparisons.

Post-baseline variables and outcomes were available only after the definition of the final model
for the IPTW approach. Covariate balance was assessed using the standardised differences with the
initial goal to achieve values <0.10. The IPTW approach was used to define insignificant differences in
potential confounders. For baseline comparisons between GBP and SG, this cut-off target was always
achieved. For comparisons between GBP or SG and MAs, since it was unfeasible to achieve <0.1 for all
variables and that for some authors, <0.2 might also be acceptable, the cut-off value for this comparison
was redefined to 0.15 [23].
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Baseline categorical data were compared using the chi-square test and continuous variables
using analysis of variance (ANOVA) with rank-transformed data for raw and IPTW-adjusted analyses.
Raw and IPTW-adjusted logistic and Cox regression models were used to estimate risks: odds
ratio (OR) and hazard ratio (HR) with 95% confidence interval (CI) for binary and time to event
variables, respectively.

Since a number of variables were different at baseline among the types of surgery performed,
all data shown in this paper were adjusted by propensity score using the IPTW method, unless specified
otherwise. In all statistical analyses, a two-sided type-I error of 5% was applied. The software SPSS
v25 (IBM) and SAS v9.4 (Cary, NC, USA) were used.

2.6. Ethics Statement

A non-written informed consent was defined in the RICIBA-DM protocol and was obtained from
all participants. The human ethics committee of Hospital Clínic de Barcelona approved the study and
the procedure outlined for the verbal consent obtainment. The entire process was documented in the
clinical history of each participant. Each researcher had access only to their own patients, as the system
prevented unauthorised access by third parties, according to the Spanish data protection law. Finally,
all patient records and information were anonymised and de-identified prior to analysis.

3. Results

3.1. Baseline Characteristics of the Whole Cohort and According to Bariatric Surgery

A total of 1186 individuals with type 2 diabetes who underwent BS between the years 2000–2016
in 25 public Spanish hospitals were included. The average age was 51.4 ± 9.2 years, presurgical BMI
was 46.3 ± 6.9 kg/m2 and 70.0% were women. The known duration of diabetes was 6.3 ± 5.7 years and
baseline mean HbA1c was 7.4% ± 1.8%. Two-hundred and nineteen individuals (18.5%) were treated
only with diet, 604 (50%) with non-insulin medications, 229 (19.3%) with both insulin and non-insulin
medications and 134 (11.3%) exclusively with insulin.

Of all patients, 47.5% underwent GBP, 35.8% SG and 16.5%, MAs. The length of follow-up for the
whole cohort was 4.5 ± 2.5 years (4.4 ± 2.4 in GBP, 4.0 ± 2.0 in SG and 4.1 ± 3.0 in MAs). The rate of
follow-up was 100% at 1 year, 93.6% at 2 years and 49% after 5 years of BS, without differences between
surgical techniques. The main baseline clinical and biochemical characteristics, including comorbidities,
for the whole cohort and according to BS technique, before and after propensity score-IPTW approach,
are shown in Table S1 and Table 1, respectively.
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3.2. Diabetes Remission

Diabetes remission rates in the whole cohort were: 72% (95%CI: 69–74) at 1 year of surgery, 76%
(74–79) at 2 years and 80.3% (78–82) at 5 years. Remission rates by type of surgery were as follows:
after GBP, the remission rate was 73% (69–76) at 1 year, 79% (75–82) at 2 years and 83% (79–86) at
5 years, after SG, 64% (60–69), 68% (64–73) and 74% (69–78) and after MAs, 84% (78–89), 87% (82–91)
and 89% (84–93) at 1, 2 and 5 years, respectively.

Multivariate analysis for diabetes remission at one year after BS shows that remission was
associated with: age at the time of BS (OR 0.97, (0.96–0.99), p = 0.006), diabetes duration (OR 0.89,
(0.86–0.92), p < 0.0001), presurgical BMI (OR 0.97, (0.94–0.99), p = 0.004), baseline HbA1c (OR 0.72,
(0.65–0.79), p < 0.0001), insulin treatment (OR 0.23, (0.12–0.42), p < 0.0001) and weight loss 1 year after
BS (OR 1.05, (1.03–1.07), p < 0.0001). Regarding the type of BS, using GBP as the reference, associations
with remission rates were as follows: (OR 3.69 (2.14–6.35), p < 0.0001) for MAs and (OR 0.73 (0.52–1.02),
p = 0.068) for SG.

Multivariate IPTW Cox survival analysis (Concordance statistic (95%CI): 0.80 (0.78–0.82)) shows
that type of surgery, diabetes duration, baseline insulin treatment, baseline HbA1c and percentage of
weight loss at 1 year were independent factors associated to diabetes remission along the follow-up.
HR were 0.91 (0.78–1.05) for SG and 1.19 (1.00–1.42) for MAs (GBP as reference), 0.96 (0.95–0.97) for
diabetes duration, 0.58 (0.43–0.79) for insulin treatment, 0.92 (0.90–0.96) for HbA1c and 1.01 (1.02–1.20)
for weight loss at 1 year. Figure 1 shows survival curves for diabetes remission by type of surgery.

Figure 1. Kaplan–Meier for type 2 diabetes remission according to type of bariatric surgery.

3.3. Time-in-Remission Range

“Time-within-remission range” expressing the percentages of persistence of diabetes remission
during all the follow-up periods, were 83.3% (33.3–91.6) after GBP, 68.7% (7.1–87.5) after SG and 90%
(83.3–92.8) after MAs (p < 0.001 for comparisons between the three groups).

Previous duration of diabetes was negatively correlated with the percentage of
“time-within-remission range”, OR 0.89, (0.86–0.92), p < 0.0001, as was baseline HbA1c, OR 0.85,
(0.74–0.97), p = 0.0184 and treatment with insulin, OR 0.24, (0.17–0.35), p < 0.0001. However, age
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and baseline BMI were not related with this parameter. Weight lost at 1 year after BS was positively
correlated, OR 1.06, (1.04–1.08), p < 0.0001, with the “time-within-remission range”. The association
of BS type with “time-within-remission range”, using GBP as a reference, were: OR 3.70 (2.34–5.84),
p < 0.0001 for MAs and OR 0.55 (0.40–0.75), p = 0.0002 for SG.

3.4. Good Metabolic Control

Good metabolic control was presented in 92%, 89% and 86% patients in the whole cohort at 1,
2 and 5 years of follow-up after BS, respectively. Good metabolic control at 1 year was negatively
associated with age, OR 0.96 (0.93–0.99), p = 0.003, diabetes duration, OR 0.93, (0.90–0.97), p < 0.0001,
baseline treatment with insulin, OR 0.12 (0.03–0.43), p = 0.001 and baseline HbA1c, OR 0.71 (0.63–0.80),
p < 0.001. Regarding the type of surgery, compared to GBP, the associations were: OR 4.91 (1.67–14.45),
p = 0.004 for MAs, and OR 0.53 (0.32–0.86), p = 0.011 for SG.

3.5. Diabetes Recurrence

After diabetes remission, recurrence occurred in 16% (12–19, 95%CI) of patients after GBP, 24%
(18–28, 95%CI) after SG and 12% (12–19, 95%CI) after MAs. Recurrence was associated with diabetes
duration (hazard ratio (HR) 1.04, (1.02–1.07), p = 0.001), baseline HbA1c (HR 1.14, (1.11–1.25), p = 0.002),
insulin treatment (HR 2.35, (1.38–4.0), p < 0.0001), weight regain (HR 1.01, (1.01–1.02), p = 0.03) and
type of BS (HR 0.48 (0.29–0.82), p = 0.007 for MAs and HR 1.56 (1.13–2.16), p = 0.006 for SG, using GBP
as reference).

3.6. Weight Loss and Weight Regain

One year after BS, the estimated weight loss was 30.7% (29.9–31.4) after GBP, 27.52% (26.72–28.32)
after SG and 32.93% (31.76–34.10) after MAs. After 1 year of follow-up, weight loss was statistically
different between the three types of surgery included in our cohort. Figure 2 shows the weight
loss evolution.

Figure 2. Weight loss evolution of patients with type 2 diabetes, expressed as percentage of initial
body weight.
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Weight regain at three years was 14.78% (13.2–16.37) after GBP, 10.87% (8.41–13.3) after MAs and
18.99% (17.14–20.84) after SG. Weight regain was statistically different between the three types of BS.
A 20% weight regain at three years after BS was observed in 18.9% after GBP, 26.7% after SG and 13.8%
after MAs. All comparisons between type of BS were statistically different, p < 0.05. Table 2 shows the
data regarding weight loss and weight regain.

Table 2. Weight loss and weight regain evolution bariatric surgery according to the surgical technique,
Inverse Probability of the Treatment Weights (IPTW) analysis.

Time
After BS

Treatment p-Value

GBP SG MAs
GBP

Versus SG
GBP

Versus MAs
SG

Versus MAs

Weight loss *
(%)

0.5 year 24.6
(23.8–25.4)

23.5
(22.6–24.4)

27.4
(26.1–28.7) 0.064 0.003 <0.001

1 year 30.6
(30.0–31.4)

27.5
(26.7–28.3)

32.9
(31.7–34.1) <0.001 0.012 <0.001

2 years 30.4
(29.7–31.2)

26.3
(25.5–27.1)

33.1
(31.9–34.3) <0.001 0.001 <0.001

3 years 28.8
(28.0–29.6)

25.2
(24.2–26.0)

32.5
(31.3–33.7) <0.001 <0.001 <0.001

4 years 27.6
(26.7–28.5)

24.6
(23.6–25.6)

31.2
(30.0–32.7) <0.001 <0.001 <0.001

5 years 26.7
(25.8–27.6)

23.8
(22.7–25.0)

31.4
(30.1–32.7) <0.001 <0.001 <0.001

Weight regain &

(%)

2 years 6.5
(5.0–7.9)

10.8
(9.1–12.6)

5.9
(3.5–8.5) 0.002 0.734 0.02

3 years 14.7
(13.2–16.4)

18.9
(17.1–20.8)

10.8
(8.4–13.3) 0.007 0.008 <0.001

4 years 19.7
(17.9–21.4)

24.7
(22.7–26.8)

14.7
(12.1–17.2) 0.002 0.001 <0.001

5 years 22.4
(20.6–24.2)

28.7
(26.6–31.0)

15.2
(12.7–17.8) <0.001 <0.001 <0.001

Data are expressed as mean (95%CI). * Expressed as percentage of initial body weight. & Expressed as percentage
of weight lost at nadir point. BS: bariatric surgery; GBP: gastric bypass; SG: sleeve gastrectomy; MAs:
malabsorptive surgeries.

4. Discussion

This study involved a large cohort of post-bariatric patients with type 2 diabetes from public
hospitals in a Mediterranean area. After matching using the PS and the IPTW methods, we examined the
diabetes and weight loss outcomes of the three main types of surgical techniques used in BS. In our cohort,
MAs was the group with higher diabetes remission, a major percentage of “time-within-remission
range”, less diabetes recurrence, more weight loss and less weight regain compared to GBP. On the
other side, subjects who had undergone SG obtained similar diabetes remission rates but spent less
“time-within-remission range”, achieved less percentage of good metabolic control and had more
recurrences, together with a smaller weight loss and more weight regain compared to GBP.

This study has several strengths. First, the use of data obtained from clinical registries, albeit in a
retrospective way, may better reflect the daily clinical practice compared to results from randomised
control trials, which permits the generalisation of the results to our population. Another strong point is
the excellent adjustment for covariates, performed taking into consideration several known variables
relevant to the prediction of diabetes outcomes, thus allowing the different types of surgeries to be
compared without the interference of confounding factors. Also, it is extremely interesting that we
have included a considerable number of patients operated on using malabsorptive techniques. Finally,
we introduced a new approach to measure the metabolic beneficial effects of BS, the percentage of
time during the follow-up period that diabetes remains under remission. Taking into account that the
legacy effect also occurs in type 2 diabetes [24], our study attempts to transpose the glucose parameter
“percentage of time-in-range” used in CGM in type 1 diabetes to BS results. Given that, this variable
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considers all the time during which the subject remains in each glycaemic category and not just the
time until the first diabetes recurrence, while encompassing the different patterns of weight loss and
weight recovery. The “time-within-remission range” emerges as a relevant parameter to evaluate
the long-term diabetes outcomes, a chronic disease largely conditioned by the fluctuations in weight
that occur throughout the life of the subjects after BS. However, we acknowledge that the potential
implications for daily clinical practice still need further evaluation.

Two population-based cohorts that were matched with no surgical management show results
from real world settings in Europe, using stricter diabetes remission criteria [25,26]. A Danish cohort,
with 1111 patients with diabetes, found a one-year diabetes remission rate of 74% and a relapse rate
of 27% after 5 years of follow-up. However, GBP was the only surgical technique included [25].
In another cohort from the United Kingdom, Yska et al. found greater remission of diabetes after GBP
(n = 280) than after SG (n = 83) or gastric band (n = 200) [26]. Neither of the two studies analysed other
relevant issues, such as the duration of diabetes remission, the recurrence or the percentage of good
metabolic control. A third real world setting study, focussing only on medication discontinuation in
the short term, showed that GBP (n = 922) was more effective than SG (n = 1111) in achieving this
primary outcome [27]. None of these studies evaluated the factors associated with diabetes outcomes
exhaustively. On the other hand, our cohort, like others, showed that MAs has the greatest efficacy
regarding weight loss and diabetes remission. But, given the concern about nutritional consequences,
it requires a very personalised indication [28,29].

In our Spanish cohort, characteristics related with type 2 diabetes, such as longer diabetes duration,
need for insulin therapy and higher baseline HbA1c values, were strongly associated with all assessed
outcomes (remission, good metabolic control, time-within-remission range and recurrence). In addition,
some features of the patient such as older age and higher BMI were also negatively related with diabetes
remission. Finally, weight response after BS was also able to influence type 2 diabetes remission (weight
loss) and recurrence (weight regain). The same predictors were described in previous studies [30,31].

Our results regarding weight loss were comparable to a recently published US large PS-matched
bariatric cohort (n = 8493 GBP and n = 4387 SG). Their results showed that individuals with diabetes
lost more weight after GBP than SG, but diabetes outcomes results were not published [32]. Our data
shows a greater weight regain after SG than GBP and MAs, in the same direction as an Indian cohort
(n = 9617), although their data were not adjusted for baseline differences and data on the percentage
of diabetes was not provided [33]. On the other hand, a Spanish cohort recently reported a high
percentage of reoperations after SG, expressly 23%, due to issues regarding gastroesophageal reflux or
insufficient weight loss; however, this may be an advantage of GBP over SG [31].

Our study has some limitations. First, patients were not randomly assigned to the procedures,
so there was a risk of unobserved confounding that may have persisted despite covariate and PS
adjustment in our pair-wise comparisons. Second, the short duration of follow-up and attrition
could preclude recognition of diabetes relapse that could hinder long-term generalisation. Lastly, the
adverse effects occurring with the three types of surgery included in the study have not been assessed,
precluding an accurate assessment of cost effectiveness ratio.

5. Conclusions

In conclusion, our results from a large multicentre Spanish cohort showed that diabetes outcomes
and weight evolution were better after MAs surgeries compared to GBP and SG. Although SG showed
remission rates like GBP, patients undergoing SG experienced a greater recurrence of diabetes, a shorter
time-within-remission range and a lower percentage of good metabolic control. Furthermore, SG was
also associated with less weight loss and greater weight recovery than GBP. Based on our findings, we
propose choosing the bariatric technique that achieves the best metabolic effect, the greatest weight
loss and the longest time of diabetes remission, carefully weighed with the adverse effects and the
inherent surgical risk. For this selection, it is imperative to assess the characteristics of type 2 diabetes,
as they will powerfully influence the outcomes of BS.
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Abstract: Introduction: Obesity in pregnant women increases the incidence of pregnancy-induced
comorbidities and the rate of operative deliveries. Purpose of the Study: As bariatric surgery is
the reference method of treatment of obesity, we wanted to evaluate its influence on the course of
pregnancy and perinatal outcomes. Material and Methods: Data was collected from 627 female
patients after bariatric surgery, of whom 107 had a history of pregnancy after the surgery, and 345
non-bariatric patients who had a delivery at a tertiary perinatal center. Sixty-one cases were matched
(1:1) with controls for age, pre-pregnancy BMI and presence of pre-pregnancy comorbidities. The
main endpoints were gestational diabetes mellitus (GDM), pregnancy-induced hypertension (PIH),
small (SGA) and large for gestational age infants (LGA) and cesarean sections (CS). Results: Patients
after bariatric procedures were significantly less likely to have GDM (19.67%/37.7%; p = 0.0433), PIH
(11.47%/16.39%; p = 0.6072) and preterm delivery (13.11%/37.7%; p = 0.0026). The CS rate was higher
(57.38%/40.98%; p = 0.0987). There was an increased risk of SGA (18.03%/13.11%; p = 0.6072) and a
decreased risk of LGA (6.56%/16.39%; p = 0.146). Conclusions: Patients after bariatric surgery have a
decreased risk of pregnancy-induced comorbidities, preterm deliveries and LGA infants, with an
increase in rate of CS and SGA infants compared to general population matched for pre-pregnancy
BMI, age and presence of pre-pregnancy comorbidities.

Keywords: bariatric surgery; pregnancy; gestational diabetes mellitus; pregnancy-induced
hypertension

1. Introduction

Obesity is a major healthcare problem with an increasing global prevalence, having reached
650 million people in 2016, which represents 13% of the world population [1]. Obesity is a well-known
risk factor for many concomitant diseases, distinctively diabetes mellitus type 2, hypertension, heart
disease and obstructive sleep apnea syndrome (OSAS). It can also lead to sexual dysfunctions in
both sexes. Obese women of reproductive age can suffer from infertility due to hormonally related
ovulation dysfunction. Obesity in pregnant women increases the incidence of gestational diabetes
mellitus (GDM), pregnancy-induced hypertension (PIH), which also influences the way of delivery,
with an increase in number of vacuum deliveries and cesarean sections [2,3]. Bariatric surgery is
the reference method of treatment for obesity, because of the durability and pace of the weight loss,
reduction of symptoms and remission of concomitant diseases. As the prevalence of obesity in
women of reproductive age is rising every year, the number of pregnancies after bariatric surgery
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is also increasing, creating a demand for knowledge among obstetricians about the influence of the
bariatric surgery on the course of pregnancy. Women constitute up to 80% of bariatric patients, most of
them being of reproductive age [4–6]. Bariatric surgery leads to various micronutrient deficiencies in
pregnant women, with possible influence on fetal development, though further studies are needed
on the subject [3,7–9]. Bariatric surgery and the resulting weight loss, reduction in adipose tissue as
well as alteration of the gastrointestinal absorption lead to hormonal and metabolic changes that may
affect the well-being of the woman and the fetus. They can also influence the incidence and course of
pregnancy-induced co-morbidities. Bariatric surgery is known to have influence on the pregnancy and
neonatal outcomes, increasing the rate of small for gestational age (SGA) infants and maternal anemia
and decreasing the risk of GDM, PIH and large for gestational age infants (LGA) infants [10–13].

2. Purpose of the Study

In our study, we analyzed a group of patients with a history of pregnancy after bariatric surgery
and compared them with a matched group of controls to examine the influence of restrictive and
malabsorptive procedures on the course of pregnancy, pregnancy-induced diseases and perinatal
outcomes. The study was designed as a retrospective case-control. The patients in the study group
had a history of previous bariatric surgery, the mean time-to-conception interval after the surgery
was 23.25 (± 16.9) months. The control group included patients without a history of bariatric surgery,
matched for: age, BMI at the beginning of the pregnancy, presence of pre-pregnancy diabetes mellitus
type 2 (PGDM) and pre-pregnancy hypertension (PPH). The primary end-points of our study were
the occurrence of GDM, PIH, intrauterinal growth restriction (IUGR), small for gestational age (SGA)
and large for gestational age (LGA) infants, neonatal intensive care unit (NICU) admission as well
as premature deliveries, vacuum deliveries (VE) and cesarean sections (CS). We also analyzed the
gestational weight gain (GWG) and the body mass index (BMI) at the moment of the delivery.

3. Material and Method

3.1. Participants—Subjects

We collected data from 627 female patients with a history of bariatric surgery, using paper and
internet original survey. The recruitment was based on the bariatric center register and cooperation with
Polish Bariatric Patients Society. There were 107 patients with a history of at least one pregnancy after
bariatric surgery, out of whom 74 patients had laparoscopic sleeve gastrectomy (LSG), 21 laparoscopic
Roux-en-Y gastric bypass (LRYGB), 9 adjustable silicone gastric banding (ASGB) and 3 other bariatric
procedures. There were 77 patients from the group who met the inclusion criteria—having had at
least one pregnancy ended with a delivery of a single live-born neonate after the bariatric surgery.
The exclusion criteria were: multiple pregnancies, stillbirth and no sufficient data for the matching
process. They were further surveyed for the data about the course of the pregnancy, maternal and
neonatal outcomes. The vast majority of patients had spontaneous pregnancies, only one patient
became pregnant after using methods of reproductive assistance. The approval from Military Institute
of Medicine Ethics Committee was obtained on 22nd August 2018 (no. 117/WIM/2018).

3.2. Participants—Controls

We analyzed pregnancy and perinatal outcomes of 345 patients who were hospitalized and had a
delivery at a tertiary perinatal center. The preliminary collected data included patients’ age, BMI at the
beginning of the pregnancy, PGDM and PPH. They were further surveyed for data about the course of
the pregnancy, and maternal and neonatal outcomes.

3.3. Matching

Propensity scores (i.e., the estimated probability of undergoing bariatric surgery before pregnancy
on the basis of the preoperative values) were estimated for each patient by use of logistic regression.
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Potential confounding variables were considered and included age, body mass index, hypertension
and diabetes type 2. We used a greedy matching algorithm (developed by Mayo Clinic group—http:
//bioinformaticstools.mayo.edu/research/gmatch/) to match each case to a control, restricting successful
matches to those for whom the propensity scores did not differ by more than 0.2 units. Balance
on potential confounding variables between the matched controls and cases were evaluated with
standard univariable summary statistics and absolute standardized difference scores (absolute value
of difference in means or proportions, divided by a combined estimate of standard deviation among
the groups being compared). Variables with an absolute standardized difference score of less than
0.10 were considered adequately balanced. McNemar test was used to assess effect of exposure on
dichotomous outcomes. The Cochran–Mantel–Haenszel test was used in the analysis of matched data.
Continuous outcomes were assessed using the Wilcoxon signed-rank test.

3.4. Study Design

The study group and the control group were compared for the following variables: occurrence of
GDM and PIH, premature delivery (defined as delivery before 37th week of pregnancy), method of
delivery (vaginal spontaneous delivery, vacuum delivery, scheduled or urgent cesarean section due to
pathological cardiotocography tracings or other indications), pregnancy duration and neonatal data,
with strong emphasis on SGA and LGA neonates. Neonatal data included birth weight, birth length,
ponderal index and Apgar score. SGA was defined as below the 10th percentile and LGA as over 90th
percentile using population adjusted birth weight scores.

Pregnancy-induced hypertension was defined as de novo onset of hypertension (>140 mmHg
systolic or >90 mmHg diastolic) after 20th week of gestation. Gestational diabetes mellitus was
diagnosed with the oral glucose tolerance test with 75 g glucose (OGTT), administered after 8 h of
fasting. GDM was identified in case of fasting blood glucose level of ≥5.1 mmol/L up to 6.9 mmol/L,
≥10 mmol/L after first hour of glucose administration and/or ≥ 8.5 mmol/L up to 11.0 mmol/L
after the second hour. OGTT was recommended between 24th and 28th week of gestation in the
general population and in the 1st trimester in case of BMI ≥ 30 kg/m2, history of GDM in previous
pregnancies, family history of diabetes mellitus type 2 and having given birth to a child of ≥4500 g
birth weight [14]. Though our national guidelines suggest an alternative form of screening—home
glucose monitoring—for patients after bariatric surgery with dumping syndrome, the vast majority
patients included in the study had OGTT administered [15].

4. Results

Sixty-one pairs were created, matched for age, BMI at the beginning of pregnancy and presence of
pre-pregnancy comorbidities, such as diabetes mellitus and hypertension. Standardized differences in
the propensity score matched sample are shown in Table 1 and demographic characteristics in Table 2.

Table 1. Standardized differences in propensity score.

d

Age 0.070

Body Mass Index 0.088

Diabetes 0.063

Hypertension 0.047

d: standardized differences.
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Table 2. Demographic characteristics.

Characteristic

Original Cohort Matched Cohort

Cases Controls

p-Value

Cases Controls

p-ValueN = 77 N = 345 N = 61 N = 61

Mean (SD) or % Mean (SD) or %

Age (years) 34.92 (± 5.77) 30.76 (± 4.3) <0.001 34.03 (± 5.56) 33.69 (± 4.19) 0.783
BMI (kg/m2) 29.27 (± 5.65) 23.86 (±5.05) <0.001 28.17 (± 4.15) 28.63 (± 6.11) 0.822

Pre-Op Hypertension 11.69% 13.04% 0.852 13.11% 14.75% 1.000
Pre-Op Diabetes

Mellitus 6.49% 16.81% 0.022 6.56% 8.2% 1.000

BMI: Body Mass Index.

The general characteristics about the pregnancy length and neonatal data is presented in Table 3.

Table 3. Pregnancy length and neonatal data.

Cases (Median (Q1–Q3)) Controls (Median (Q1–Q3)) p-Value

5th minute Apgar 10 (10–10) 10 (9–10) 0.0027

Birth weight (g) 3200 (2860–3550) 3140 (2830–3540) 0.9495

Birth length (cm) 54 (52–56) 54 (50–55) 0.2057

Ponderal index (kg/cm3) (1000 ×
weight/(length × length × length))

19.91 (18.51–22.99) 20.64 (19.06–21.52) 0.3695

Pregnancy duration (days) 273 (266–280) 259 (255–269) 0.0002

Week of gestation at the delivery (weeks) 39 (38–40) 37 (36–38) <0.0001

The mean pregnancy duration was 39 weeks in the study group and 37 weeks in the control
group. Patients who had undergone bariatric surgery before the pregnancy had longer pregnancies,
the difference being statistically significant (p < 0.0001). The Apgar score (5th minute after the delivery)
used to evaluate neonates’ condition was higher in the study group than in the control group (p= 0.0027)
with a statistically significant difference present in the distribution of the results.

Statistically significant differences were observed neither in the neonates’ birth weight nor in the
birth length between the study group and the control group. The ponderal index was slightly lower in
the study group, although the difference observed was not statistically significant.

We did not observe either maternal nor neonatal fatal cases in either study or control groups.
Patients after bariatric procedures were significantly less likely to have GDM than the control

group (19.67% vs. 37.7%; p = 0.0433). Preterm delivery was less likely in the bariatric group than in
the control group (13.11% vs. 37.7%; p = 0.0026). The differences found in the incidence of GDM and
premature delivery were both statistically significant.

The incidence of pregnancy-induced hypertension was lower in the study group; however, it was
not observed to be of statistical significance (11.47% vs. 16.39%; p = 0.6072).

Patients after bariatric procedures were less likely to have a vaginal spontaneous delivery (40.98%
vs. 59.02%; p = 0.0708). Forceps and vacuum delivery were observed in only two cases in the study
group (3.28%).

The proportion of CS was higher in the bariatric group than in the control group (57.38% vs.
40.98%; p = 0.0987). Patients after bariatric procedures most often had scheduled CS, followed by
urgent CTG indications and other urgent indications (22 vs. 10 vs. 3).

Neonates in the bariatric group were more likely to be classified to be SGA and less likely to be
LGA (SGA—18.03% vs. 13.11%; p = 0.6072/LGA—6.56% vs. 16.39%; p = 0.146).

The results are summarized in Table 4.
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Table 4. Influence of bariatric surgery on pregnancy.

Characteristics Cases Controls p-Value

gestational diabetes mellitus 19.67% 37.7% 0.0433
preterm delivery 13.11% 37.7% 0.0026

pregnancy-induced hypertension 11.47% 16.39% 0.6072
vaginal spontaneous delivery 40.98% 59.02% 0.0708
forceps or vacuum delivery 3.28% 0

cesarean section 57.38% 40.98% 0.0987
small for gestational 18.03% 13.11% 0.6072
large for gestational 6.56% 16.39% 0.146

5. Discussion

Our principal findings indicate lower incidence of GDM and PIH in patients after bariatric
surgery when compared to general population matched for pre-pregnancy BMI, age and presence of
pre-pregnancy comorbidities. Similar to the literature, we found a lower rate of preterm deliveries and
LGA infants with an increase in rate of SGA infants in the bariatric surgery group. We also observed
an increase in number of scheduled CS with a decrease in proportion of urgent CS in bariatric patients.

Compared to other studies, our analysis includes a higher number of patients, making it possible
to present results of statistical significance. The uniqueness of our study is the comparison between
patients after bariatric surgery and patients matched for BMI at the beginning of pregnancy, age and
pre-pregnancy co-morbidities. Most case-control studies about the influence of bariatric surgery on
the course of pregnancy and neonatal outcomes include controls matched for BMI from before the
operation and often lack information about pre-pregnancy co-morbidities. This makes it possible to
see an increased positive impact of bariatric surgery on the pregnancy adverse outcomes, but also
leads to interpretation bias, as obese patients in the control group are more likely to have pregnancy
complications due to obesity. This emphasizes the positive influence of bariatric surgery on reduction
of obesity-related complications, but excludes the possibility of comparison of bariatric patients with
general population. In our study, we compare patients after bariatric surgery to patients from the
general population, not only those who are obese. Pre-existing hypertension can strongly influence the
birth weight of the neonate and further the evaluation of the correlation between bariatric surgery
and the risk of LGA and IUGR. Pre-pregnancy diabetes mellitus, especially with poor control of blood
glucose levels can lead to LGA and also influence the results of the analysis. Both PPH and PGDM
may cause the necessity of ending the pregnancy preterm and can lead to pregnancy and neonatal
complications, non-attributable to bariatric surgery, hence the importance of including them in the
matching process.

Johansson et al. presented a study based on the Swedish Birth Register, in which they matched
patients after bariatric surgery and controls for the pre-surgery BMI, age, parity, smoking and
educational level [16]. They observed a reduction in the incidence of GDM (1.9% in the study group
vs. 6.8% in the control group) and LGA (8.4% vs. 22.4%). There was an increased risk of SGA in the
bariatric group—15.6% vs. 7.6% and a reduction in the pregnancy length—273.0 days vs. 277.5 days.
We matched the patients for BMI at the beginning of pregnancy, which may be the reason for the
differences in the results. In our study, 19.67% patients after bariatric procedures were diagnosed
with GDM compared with 37.7% in the study group. The higher incidence of GDM may be result of
population disparity, but also of different GDM diagnosis criteria. We did not observe a reduction in
the pregnancy length in patients after bariatric surgery and furthermore, preterm delivery was less
likely in the bariatric group than in the control group—13.11% vs. 37.7%. Our analysis presented a
higher proportion of SGA among neonates of bariatric patients, and lower proportion of LGA neonates.
A major limitation of the Johansson’s study was that 98% of bariatric procedures were gastric bypass
surgery. The increase in the rate of SGA infants after bariatric surgery has been widely discussed in the
literature, with some studies indicating that the increase is comparable in pregnancies after SG to those

39



J. Clin. Med. 2020, 9, 1324

after GB [10,13,17], while others suggest that the increase is mostly observed after LRYBG [8], or even
determine no increase in the rate of SGA [18].

Aricha-Tamir et al. analyzed a group of patients with a history of delivery before and after bariatric
surgery [19]. The study mostly included patients after LSG and vertical banded gastroplasty (VGB)
with only 3.8% patients after LRYGB. The study presented a decrease in proportion of hypertension
(without determining whether pre-pregnancy or pregnancy-induced hypertension) after the surgery
from 31.9% to 16.7% and of GDM—from 19.3% to 3.5%. The analysis presented an increase in the
number of CS, from 24.3% to 31.9%, with a decrease in urgent CS of 5%. Most studies present an increase
in the rate of CS after bariatric surgery [12,20], although some researchers observed the opposite [2].
In our study, we also observed an increase in number of scheduled CS with a decrease in proportion of
urgent CS. The difference between pre-surgery and after-surgery pregnancies in Aricha-Tamir’s study
was not statistically significant in the proportion of LGA neonates or the birth weight as general.

Galazis et al. presented a meta-analysis of the perinatal outcomes after bariatric surgery, based
on 17 studies [21]. The primary endpoints were preeclampsia, GDM, maternal anemia, premature
delivery, LGA and SGA neonates, NICU admission and perinatal mortality. The risk of preeclampsia,
GDM and LGA neonates was 50% lower after bariatric surgery, unlike the rate of SGA neonates, which
was 80% higher and of premature delivery—28% higher. The analysis did not reveal any differences in
the proportion of CS. The results obtained in our study were comparable in terms of GDM. We cannot
compare the data about hypertension, as we included all cases of PIH and Galazis et al. analyzed only
cases of preeclampsia (PIH followed by additional proteinuria or other maternal organ dysfunction).
In our study, we observed a lower rate of premature deliveries in the bariatric group than in the
control group.

A more than three-fold decrease in the incidence of GDM was observed in a study by Burke
et al., who compared a group of women with a delivery before and after bariatric surgery, having
based on a private insurance claims database [22]. Kwong et al. presented a meta-analysis about the
influence of bariatric surgery on pregnancy course and perinatal outcomes. The analysis showed that
bariatric surgery led to reduced rates of GDM (OR 0.20), LGA infants (OR 0.32) and all hypertensive
disorders (OR 0.38) and an increase in SGA infants (OR 2.16) and preterm deliveries (OR 1.35) [20].
The meta-analysis included studies comparing bariatric patients with control subjects matched for
pre-surgery BMI. In our study, we compared bariatric patients matched with controls for BMI at the
beginning of the pregnancy, age, presence of PGDM and PPH. The impact of bariatric procedures on
the reduction of the rate of GDM and LGA, together with an increased rate of SGA infants was also
observed in a case-control study by Chevrot et al. [23].

The question about the incidence of GDM in pregnant patients after bariatric surgery is whether
the result of OGTT, performed with liquid glucose solution is reliable and whereas the absorption
changes after the operation do or do not influence blood sugar results and therefore the result of
OGTT. A reduction in the glucose absorption might lead to lower blood sugar levels after the glucose
intake, so it remains to be analyzed whether the real proportion of GDM is the one found with OGTT
screening. Home glucose monitoring is more reliable and is advised in the guidelines.

Home glucose monitoring with evaluation of fasting and postprandial blood sugar levels is
suggested in our national guidelines as an alternative form of GDM screening in patients after bariatric
surgery with dumping syndrome [15]. The American College of Obstetricians and Gynecologists
recommends home glucose monitoring with evaluation of fasting blood glucose levels and two hours
postprandial, whereas our recommendations suggest after one hour [24]. However, the differences
between countries in diagnostic algorithms and blood glucose thresholds lead to heterogeneity in study
results [25]. The suggested period of monitoring in both guidelines is of one week between 24th and 28th
week of gestation [26], which is repetitively emphasized in other studies and recommendations [4,27,28].
Even though the recommendations remain clear, the vast majority patients included in the study
admitted having had OGTT administered. The problem of introduction and adherence to the guidelines
remains to be ameliorated. Rottenstreich emphasizes the problem of hypoglycemia after OGTT in
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bariatric patients as it affects almost 50% of pregnant patients after bariatric surgery with incidence of
83% in patients after LRYGB [29]. Hypoglycemia in OGTT is correlated with a higher proportion of
SGA infants and patients after bariatric surgery may experience hypoglycemia during a substantial
portion of time, which may be the reason for the increased risk of IUGR and SGA.

6. Limitations of the Study

The main limitation of our study is its retrospective nature and the possibility of recall and
selection bias. Having collected data with a paper and internet survey resulted in the impossibility of
obtaining all the necessary data about all pregnant women and their newborns. Additionally, there is a
possibility of sample bias, as patients from the control group were hospitalized in a 3rd degree perinatal
center and the percentage of patients with high risk pregnancies was higher than in general population.

7. Conclusions

Bariatric surgery is well known to reduce the risk of GDM, PIH, LGA infants, with an increase in
the number of SGA infants. Most studies compare pregnancy complications and neonatal outcomes
in bariatric patients with obese control groups, matched for preoperational BMI. As obesity is an
independent risk factor of many comorbidities, those studies mostly show the positive influence of
bariatric procedures and the following reduction of body weight on reduction of obesity-dependent
pregnancy complications and neonatal outcomes. In our study, we presented a comparison of patients
after bariatric procedures with a group of controls matched for BMI at the beginning of pregnancy.
Our results show that bariatric patients have a decreased risk of pregnancy comorbidities and LGA
even when compared with non-obese population. Additionally, we included in our matching presence
of pre-pregnancy diabetes mellitus and hypertension, to exclude their influence on incidence of LGA,
SGA and perinatal complications.

Although all types of bariatric operations are meant to lead to a similar therapeutic effect, their
influence on the physiology of digestion and absorption of nutrients is based on different mechanisms.
We acknowledge the importance of heterogeneity of bariatric procedures and the need for comparing
the influence of restrictive and malabsorptive procedures on the pregnancy and neonatal adverse
outcomes, which will be subject of our further studies.
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Abbreviations

OSAS obstructive sleep apnea syndrome
GDM pregnancy diabetes mellitus
PIH pregnancy-induced hypertension
PGDM pre-pregnancy diabetes mellitus type 2
PPH pre-pregnancy hypertension
IUGR intrauterine fetal growth restriction
SGA small for gestational age
LGA large for gestational age
NICU neonatal intensive unit
VE vacuum extractor
CS cesarean section
GWG gestational weight gain
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BMI body mass index
LSG laparoscopic sleeve gastrectomy
LRYGB laparoscopic Roux-en-Y gastric bypass
ASGB adjustable silicone gastric banding
LGB laparoscopic gastric banding
OGTT oral glucose tolerance test
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Abstract: Introduction: The aim of the study was to investigate the impact of the COVID-19 pandemic
on bariatric care from the patients’ point of view. The COVID-19 pandemic has perturbed the
functioning of healthcare systems around the world and led to changes in elective surgical care,
with bariatric procedures being postponed until the end of pandemic. There is no data in the literature
about the effect of a new epidemiological situation on bariatric patients. Methods: The study was
designed as an online survey containing multiple open questions about bariatric care during the
COVID-19 pandemic. The survey was conducted among pre- and postoperative bariatric patients.
Results: Out of 800 respondents, 74.53% felt anxiety about their health in regard to the present
epidemiologic state. Some (72.25%) were aware of the fact that obesity was an important risk factor
that could impair the course of the COVID-19 disease. Almost 30% of respondents admitted having
put on weight, significantly more in the group of preoperative patients (43.8% vs. 22.69%; p < 0.001).
Only 20.92% of patients had a possibility of continuing direct bariatric care; 67.3% of patients
had an opportunity of remote contact with a bariatric specialist, including online consultations,
teleconsultations and social media meetings. Conclusions: Limited access to medical care and
quarantine lockdown may result in a deterioration of long-time operation outcomes and lower
weight losses. Patients should be encouraged to profit from online consultations with specialists and
telemedicine to reduce the negative effects of the pandemic on their health.

Keywords: bariatric surgery; COVID

1. Introduction

Obesity has reached epidemic proportions worldwide, and all evidence suggests that the situation
is likely to get worse [1]. It is estimated that 65% of the adult population in the USA is overweight or
obese [2]. Bariatric surgery is a mainstay treatment of obesity [3]. It is essential that patients receive
long-term follow-up and monitoring to help them achieve the estimated weight loss, reduction of
comorbidities and to prevent long-term problems that may arise following surgery [4].
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A new disease appeared in the last quarter of the year 2019, causing a wide range of symptoms,
from mild influenza-like illness to severe, life-threatening pneumonia. The infectious agent was found
to be severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In February 2020, the disease
was designated by the World Health Organization (WHO) COVID-19, which stands for Coronavirus
Disease 2019. On 11th March 2020, WHO declared COVID-19 a pandemic [5,6]. Until 22th April 2020,
more than 2.61 million cases were reported across 185 countries, resulting in more than 182,000 deaths.
In the same time, there were more than 10,000 COVID-19 cases reported and 400 people died because
of COVID-19 pneumonia, but this data is most likely underestimated.

The new epidemiological situation has perturbed the functioning of healthcare systems around
the world and led to changes in elective surgical care. It has not been confirmed yet that there is an
increased incidence of COVID-19 pneumonia in obese patients. However, it is known that the process
of treatment is less effective in people with comorbidities such as hypertension and diabetes mellitus,
which are common in obese patients [7,8]. The International Federation for the Surgery of Obesity
and Metabolic Disorders (IFSO) recommended that all elective metabolic and bariatric procedures,
both surgical and endoscopic, should be postponed until the end of the pandemic [9]. The delay
of operation may affect patients’ health in different ways, regardless if in the case of oncological or
bariatric patients. While some data have already been gathered on the condition of surgery in a time of
pandemic [10–12], there is hardly any data specifically about bariatric surgery and practically none
about the effects of the COVID-19 pandemic on bariatric patients’ wellbeing.

The aim of the study was to investigate the impact of the COVID-19 pandemic on bariatric care
from the patients’ point of view.

2. Methods

This study was designed as an online survey with the aim to collect data about bariatric care
during the COVID-19 pandemic from patients in the course of qualification for bariatric surgery and
patients after bariatric surgery. Survey contains 46 (multiple choice, open and Likert scale) questions.
The questionnaire was evaluated and approved of by several independent experts in the field of
bariatric surgery. The online survey was published and distributed via social media in cooperation with
the Polish bariatric patients’ society, which integrates more than 1500 bariatric patients. The survey
started on 9th April 2020 and was open until 17th April 2020. It was divided into four chapters: general
information about the patient, life during the COVID-19 pandemic, bariatric care during the COVID-19
pandemic and life after the COVID-19 pandemic. Survey is shown in Appendix A. The project was
supported by the Metabolic and Bariatric Chapter of Polish Surgeons’ Association (SCMiB). The data
was completely anonymized and contained no patient identification data.

2.1. Statistical Analysis

Results are presented as means with standard deviation or medians with interquartile range.
We performed the statistical analysis using StatSoft Statistica version 6.1 PL (StatSoft Inc., Tulsa, OK,
USA). Normality of the data was tested with Shapiro–Wilk test. Continuous variables were compared
with the Student’s t-test for normally distributed or Mann–Whitney U test for non-normally distributed
data. Categorical variables were compared using the chi-square or Fisher test. Statistical significance
was set at p < 0.05.

2.2. Ethical Considerations

The study was anonymous, performed in accordance with the ethical standards laid down in
the 1964 Declaration of Helsinki and its latter amendments (Fortaleza). Participants were informed
about the aim of the study, and informed consent was obtained electronically prior to the beginning
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of the survey. The study was approved by the Bioethics Committee of Jagiellonian University
(1072.6120.103.2020).

3. Results

3.1. Basic Characteristics of the Patients

There were 800 participants, with the median age 39 (33–45) and body mass index (BMI) 34.26
(29.05–40.81) and mostly female (88%). The basic characteristics of the cases and the incidences of
comorbidities are shown in Table 1. IQR: interquartile range. n/a: not applicable.

Table 1. Basic characteristics.

All Preoperative Patients Postoperative Patients p-Value

n (%) 800 (100%) 258 (32%) 542 (68%) n/a

Median age, years (IQR) 39 (33–45) 37 (32–43) 39 (33–46) 0.005

Males/Females, n (%) 97/703 (12%/88%) 33/225 (12%/88%) 64/478 (12%/88%) 0.647

Median BMI, kg/m2 (IQR) 34.26 (29.05–40.81) 42.24 (38.64–47.75) 31.18 (27.36–35.43) <0.001

Insulin resistance, n (%) 224 (28%) 86 (33.33%) 138 (25.46%) 0.020

Type 2 diabetes mellitus, n (%) 93 (11.63%) 31 (12.02%) 62 (11.44%) 0.812

Obstructive sleep apnea, n (%) 63 (7.88%) 23 (8.91%) 40 (7.38%) 0.451

Arterial hypertension, n (%) 265 (33.13%) 86 (33.33%) 179 (33.03%) 0.931

Dyslipidemia, n (%) 68 (8.5%) 27 (10.47%) 41 (7.56%) 0.169

Arthritis/Joint pain, n (%) 272 (34%) 106 (41.09%) 166 (30.63%) 0.003

3.2. Life During the COVID-19 Pandemic

Only 6.64% of respondents had contact with patients with confirmed COVID-19 or were staying
in quarantine. Some (21.9%) patients were treated in bariatric centers that currently manage COVID-19
patients. The majority (74.53%) of patients felt more anxiety/fear about their health in regard to the
present epidemiologic state. Many (72.25%) were aware of the fact that obesity was an important
risk factor that could impair the course of COVID-19. More than one-third of patients changed their
eating habits during the epidemic, significantly less often after bariatric surgery. More than nine in
ten patients did not increase physical activity. Half of patients did not gain weight, but almost 30%
of respondents admitted to having put on weight, significantly more in the group of preoperative
patients (43.8% vs. 22.69%; p < 0.001).

3.3. Bariatric Care During the COVID-19 Pandemic

Only 20.92% of patients had a possibility of continuing direct bariatric care during the COVID-19
pandemic, significantly less often in the group of preoperative patients (10.2% vs. 26.09%; p < 0.001).
In 172 cases (69.36%), the date of bariatric surgery was postponed due to the COVID-19 pandemic;
in 3.63% cases, it was the patient’s decision; in 65.73% cases, it was the decision of the bariatric
center; in 30.65% cases, the date of the surgery did not change. In the present situation, 50.33% of
respondents decided to undergo bariatric surgery in spite of the pandemic, considerably more likely
in the preoperative group (67.72% vs. 41.62%; p < 0.001). Some (60.67%) patients, both from the
preoperative and postoperative groups, had their control visits postponed by the bariatric centers.
A number (67.3%) of patients had an opportunity of remote contact with a bariatric specialist, including
online consultations, teleconsultations and social media meetings. Regardless of the risk of becoming
infected with COVID-19, 42.69% of patients would like to have a visit in a bariatric clinic, for the most
part in the preoperative group (57.59% vs. 35.47%; p < 0.001). Most patients affirmed the necessity
of the continuous support of bariatric surgeons, dietician nutritionists and psychologists. The vast
majority of patients accept and are satisfied with teleconsultations as a form of contact with a specialist
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or qualification for bariatric treatment. More than 60% of patients did not have the possibility of
doing diagnostic tests related to bariatric care, and more than 90% had problems with their availability.
Almost 20% of patients admitted to having anxiety about health problems that might have resulted from
the limited access to bariatric care, mostly in the postoperative group (43.61% vs. 29.07%; p < 0.001).

3.4. Life after the COVID-19 Pandemic

An important question that was part of the last chapter of the survey was when the bariatric
procedures should be restarted. Preoperative patients compared with postoperative patients
significantly more often declared that bariatric procedures should be resumed as soon as the daily
number of COVID-19 infections would start to decrease (51.75% vs. 15.9%). Other possible answers
were: as soon as the WHO would declare the end of the pandemic (30.74% of the preoperative group
vs. 54.93% of the postoperative group), the discharge from the hospital of the last COVID-19 patient
(13.23% vs. 14.89%) and after the introduction of a COVID-19 vaccine (4.28% vs. 14.29%).

Some (47.14%) patients recognized the priority in treating patients with cancer before bariatric
patients. A number (67.93%) of patients stated that patients whose operations were postponed due to
the COVID-19 pandemic should be treated first when the bariatric procedures are resumed. A number
(52.80%) of patients accepted the possibility of a requalification for bariatric treatment and repeated
diagnostic tests after the pandemic.

The majority of patients still wanted to undergo surgery (88.01%) after the pandemic and did not
consider changing their bariatric center (87.59%). Only 2.55% of patients were thinking about changing
the type of bariatric procedure planned.

The majority of patients (93.99%) planned to increase their physical activity after the pandemic,
more often in the preoperative group (97.29% vs. 92.37%; p = 0.006). Some (63.6%) patients considered
changing their eating habits after the pandemic, significantly more often in the preoperative group
(85.77% vs. 52.79%; p < 0.001). Detailed data is presented in Table 2.
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4. Discussion

Our study based on a national range survey among pre- and postoperative bariatric patients
presents the impact of the COVID-19 pandemic on the life of bariatric patients. The novelty of our
study was the analysis of the impact of the COVID-19 pandemic on bariatric care from the patients’
point of view. The fact of postponing elective bariatric surgery procedures has affected the lives of
many patients waiting for the operation. The quarantine lockdown has influenced lifestyles and
dietary regimens of pre- and postoperative patients. Although the vast majority of responders did
not have contact with COVID-19 infected patients, most patients felt anxious about their health in
regards to the present epidemiologic state. The majority of responders were aware of the fact that
obesity was an important risk factor that could impair the course of COVID-19 disease. More than
two-thirds of preoperative patients had their operation postponed and, more than a half, their control
visits. Almost 70% of patients had a possibility of online consultations with a specialist and the use of
telemedicine. Most patients before surgery wanted to undergo surgical treatment after the pandemic.
Only less than half the patients recognized the priority of treating oncological patients; the others
preferred a simultaneous restart of all kinds of surgical procedures. The majority of patients planned
on increasing their physical activity and changing eating habits after the pandemic.

The COVID-19 pandemic has a tremendous impact on the daily routine and quality of life of
billions of people worldwide. Self-isolation and quarantine lockdown cause additional distress and
increase the levels of fear and anxiety [13]. Bariatric patients are in a high-risk group of increased
eating psychopathology and trouble in self-management in such a situation of emotional distress.
Followed by a reduction of physical activity due to lockdown, possible financial difficulties and trouble
with food availability, the pandemic may result in difficulties with optimum weight losses, possible
weight gains and the deterioration of long-term outcomes [14].

The importance of a multidisciplinary team in bariatric care has been well-established [15,16].
The success of an operation is mostly determined by postoperative care, and patients must remain in
regular contact not only with their bariatric surgeon but, also, dietitian, psychologist and a specialist in
internal medicine or endocrinologist [4,17]. Our study showed that the present state of the pandemic
is a major obstacle for the patients with maintaining contact and getting help from their bariatric team.
As patients have limited access to ambulatory clinics, new ways of communication have had to be
quickly developed. Before the era of pandemics, telemedicine was used in our country only in very
limited situations, mostly for teleconferences between specialists and the live consulting of test results.
Due to the lockdown, it had to develop quickly as the most important tool of present communication
between patients, doctors, dietitians and psychologists. Telemedicine and remote consultations are
proven to be effective in fighting distress and reducing the level of psychological disorders in bariatric
patients [14]. According to the data from the Central Statistical Office from 2019, 86.7% of Polish
households had internet access. Therefore, the general majority of patients after bariatric procedures
have internet access, and the results of the study should not be influenced by the problem of internet
and telemedicine availability [18].

There have been no surveys about COVID-19 conducted among bariatric patients yet, so we
can compare our study to only similar studies in other fields, though they are also scarce at this
time. Wolf et al. conducted a survey in a group of 630 patients with at least one chronic disease [19].
Only 24.6% patients were “very worried” about getting COVID-19, and 12.95% of patients were “not
worried at all”. More than half the patients (58.6%) admitted that coronavirus had a high impact on
their daily routine, and only 20.8% of respondents felt “very prepared” for the outbreak. The study by
Wolf et al. revealed profound gaps in the patients’ knowledge and level of concern about the virus.
In our study, most patients (more than 74%) were worried about the risk brought by the COVID-19
pandemic. Another survey-based report regarding patients’ awareness, attitudes and actions related to
COVID-19 was published about people living with HIV in China [20]. The majority of the respondents
felt well-informed; they were concerned about specific protective measures, and 64.15% reported
difficulties in accessing antiretroviral medicines due to lockdown. Almost 30% of respondents declared
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a need for sociopsychological support. There also was a report published basing on a survey among
Indian ophthalmologists regarding the effects of the pandemic on their practice and patient care, 77.5%
of whom decided to use different forms of telemedicine [21].

Limitations of the Study

The possible limitations of our study can be the recall bias and the subjectivity of patients’ opinions.
Another limitation was that the survey was conducted only among Polish bariatric patients who
were able to fill it out by means of the internet. All respondents were voluntary members of the
bariatric patient support group, which introduced them to the purpose and methodology of the study.
Moreover, there was no incentive to introduce dishonesty into the responses. However, direct control
of the respondents was currently not possible due to the ongoing pandemic, and it is unfortunately a
limitation of the study. Additionally, in order to obtain the highest possible number of responders in a
considerably short period of time, we decided to post the questionnaire on the Polish bariatric patients’
society website, and we were not able to calculate the response rate.

5. Conclusions

The COVID-19 pandemic affected the functioning of Polish bariatric surgery, as elective procedures
were postponed until the end of the pandemic. Patients have problems with access to bariatric surgeons,
dieticians, nutritionists and psychologists, who together form teams taking care of bariatric patients.
Limited access to medical care and quarantine lockdown may result in patients’ bad eating habits, lack
of physical exercise and psychological distress and lead to the deterioration of long-time operation
outcomes and lower weight losses. Patients should be encouraged to profit from online consultations
with specialists and telemedicine to reduce the negative effects of the pandemic on their health.
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Appendix A. Questionnaire for Bariatric Patients

Questions Answers

Basic Characteristics

Age (Number)

Sex Male/Female

Weight (Number)

Height (Number)

Co-morbidities

Insulin resistance

Type 2 diabetes mellitus

Obstructive sleep apnea

Arterial hypertension

Dyslipidemia

Arthritis/Joint pain

What is your bariatric status
Pre-operative

Post-operative
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Life During COVID-19 Pandemic

Do any of your relatives or friends is currently contracted with COVID-19 or in
quarantine?

Yes

No

I do not know

Do you feel more anxiety/fear about your health/life in regards to current
epidemiologic state?

Yes

No

Are you aware of the fact that obesity is important risk factor impairing the course
of infection of COVID-19?

Yes

No

Did you changed eating habits due to the epidemy?
Yes

No

Has your physical activity changed due to the limited possibilities of going outside,
closing places of recreation and sports facilities?

Yes—increased

Yes—decreased

No

Are you exercising at home by your own?
Yes

No

How the pandemic influenced your body weight?

Increase

Decrease

No changes

Bariatric Care During COVID-19 Pandemic

Do you currently have the option of continuing bariatric treatment?
Yes

No

Has the date of bariatric surgery been postponed due to the COVID-19 pandemic?

Yes—my own decision

Yes—decision of the hospital administration

No

In spite of the pandemic and the associated risk of developing COVID-19, would
you undergo bariatric surgery in the current situation?

Yes

No

Has the date of the visit to the surgery center been moved due to the COVID-19
pandemic?

Yes—my own decision

Yes—decision of the hospital administration

No

Do you have the opportunity to contact doctors providing bariatric treatment, e.g.,
online consultations, tele-consultations, social media?

Yes

No

In spite of the pandemic and the associated risk of developing COVID-19, would
you visit a Bariatric Clinic in the current situation?

Yes

No

How do you assess the safety of meetings in the Bariatric Clinic in terms of the
possibility of developing COVID-19?

From 1 to 10

Do you think that remote advice for bariatric patients during a pandemic is needed? From 1 to 10

Do you think that remote advice of bariatric surgeon for bariatric patients during a
pandemic is needed?

From 1 to 10

Do you think that remote advice of dietician for bariatric patients during a
pandemic is needed?

From 1 to 10

Do you think that remote advice of psychologist for bariatric patients during a
pandemic is needed?

From 1 to 10

Have you used online support groups during a pandemic?
Yes

No
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I consider the participation of support groups and patient organizations during a
pandemic to be:

From 1 to 10

Do you accept tele-consultations as a form of treatment or qualification for bariatric
treatment?

From 1 to 10

How satisfied are you with tele-consultations? From 1 to 10

Do you have the opportunity to perform the tests recommended by the attending
physician?

Yes

Yes—but limited

No

Has the situation of limited access to bariatric care caused any health problems to
you?

Yes

No

Life after COVID-19 Pandemic

After the pandemic, will you still want to undergo surgery?
Yes

No

Do you intend to undergo surgery in the same unit?
Yes

No

Have you changed your decision about the type of surgery after the pandemic?
Yes

No

At what point should bariatric procedures resume?

As soon as daily number of COVID-19 infections
start to decrease

After introduction of COVID-19 vaccine

As soon as WHO will declare end of pandemic

After discharge of the last COVID-19 patient from
hospital

After what time should bariatric procedures be resumed?

After the waiting list for oncologic procedures
will be shortened

At the same time of oncologic procedures

Due to low risk before oncologic procedures

No opinion

Are you ready to undergo a re-qualification and examination cycle due to
postponed surgery?

Yes

No

No opinion

Do you consider it necessary to postpone the dates of new qualifications and
bariatric surgeries in the period after the pandemic ends so that postponed patients

due to a pandemic could be treated first?

Yes

No

No opinion

Do you have a plan to increase physical activity after the pandemic?
Yes

No

Do you have a plan to change your eating habits after the pandemic?
Yes

No
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Abstract: There is scant evidence of the long-term effects of bariatric surgery on bone mineral density
(BMD). We compared BMD changes in patients with severe obesity and type 2 diabetes (T2D) 5 years
after randomization to metabolic gastric bypass (mRYGB), sleeve gastrectomy (SG) and greater
curvature plication (GCP). We studied the influence of first year gastrointestinal hormone changes on
final bone outcomes. Forty-five patients, averaging 49.4 (7.8) years old and body mass index (BMI)
39.4 (1.9) kg/m2, were included. BMD at lumbar spine (LS) was lower after mRYGB compared to SG
and GCP: 0.89 [0.82;0.94] vs. 1.04 [0.91;1.16] vs. 0.99 [0.89;1.12], p = 0.020. A higher percentage of
LS osteopenia was present after mRYGB 78.6% vs. 33.3% vs. 50.0%, respectively. BMD reduction
was greater in T2D remitters vs. non-remitters. Weight at fifth year predicted BMD changes at the
femoral neck (FN) (adjusted R2: 0.3218; p = 0.002), and type of surgery (mRYGB) and menopause
predicted BMD changes at LS (adjusted R2: 0.2507; p < 0.015). In conclusion, mRYGB produces higher
deleterious effects on bone at LS compared to SG and GCP in the long-term. Women in menopause
undergoing mRYGB are at highest risk of bone deterioration. Gastrointestinal hormone changes after
surgery do not play a major role in BMD outcomes.
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1. Introduction

Bariatric surgery has become an increasingly common treatment for severe obesity due to
its outstanding results in long-term weight loss and sustained improvement in obesity-related
comorbidities, mortality and quality of life [1,2]. However, there is arising evidence of negative
effects on bone health and risk of bone fractures at long-term in patients with surgically induced
weight loss [3–5]. Patients with obesity and type 2 diabetes (T2D), before undergoing bariatric
surgery, could have an increased risk of bone fracture. Contrary to what was believed, although obese
individuals usually have higher bone mineral density (BMD) compared to non-obese individuals [6,7],
obesity per se is not protective and there is a site- and gender-specific relationship between body
mass index (BMI) and fracture risk [8–11]. On the other hand, individuals with T2D have normal or
higher BMD in comparison with those without diabetes [12,13], but their bone quality is diminished
and their risk of fracture is also increased [14]. Hence, patients with obesity and T2D whom undergo
bariatric surgery meet many potentially deleterious factors on bone health that should be taken
into consideration.

The negative skeletal effects of bariatric surgery are multifactorial and probably
procedure-specific [15]. Several mechanisms seem to be involved in postoperative bone loss, including
mechanical unloading induced by weight reduction and nutrient deficiencies, such as protein, calcium,
vitamin D and the subsequent secondary hyperparathyroidism [15,16]. Furthermore, gastrointestinal
hormonal changes caused by anatomical shift and weight loss could affect bone health [16,17].
Data coming from animal models [18–20] and a few human studies [21,22] have shown a relationship
between changes in gastric inhibitory polypeptide (GIP), ghrelin, glucagon-like peptide-1 (GLP-1) or
peptide YY (PYY) and changes in bone remodeling markers. Other factors like adipokines (leptin,
adiponectin), muscle mass loss and bone marrow fat could be implicated [23–26]. All these modifications
and their impact on bone might vary between different surgical procedures and are probably more
pronounced after malabsorptive or, more accurately named, hypoabsortive techniques [15,17,27].
Some studies have compared BMD outcomes after different surgical procedures, although most of
them in a non-randomized manner and at short-term (1–3 years of follow-up) [21,24,28–32].

Our aim in the present study was to compare BMD changes in patients with obesity and T2D,
5 years after being randomized to: metabolic gastric bypass (mRYGB), sleeve gastrectomy (SG),
and greater curvature plication (GCP) in the setting of a randomized controlled trial (RCT). We have
also analyzed the relationship between changes in gastrointestinal hormones during the first year after
surgery with 5 years skeletal outcome.

2. Materials and Methods

This research was part of a prospective, single center and non-blinded RCT, including patients
with T2D and obesity. Participants were consecutively recruited from a morbid obesity outpatient
clinic. Inclusion criteria were as follows: age between 18 and 60 years, BMI 35–43 kg/m2, T2D on
hypoglycemic agents alone, insulin or both. Exclusion criteria were type 1 diabetes or positivity
for GAD autoantibodies, secondary forms of diabetes, acute metabolic complications, liver disease,
renal dysfunction or patients under anticoagulant treatment, previous bariatric surgery, congenital or
acquired abnormalities of the digestive tract, pregnancy, nursing or desired pregnancy in the 12 months
following inclusion, and corticoid use by the oral or intravenous route for more than 14 consecutive
days in the last three months.

The study protocol was previously published [33]. We used Buse criteria to define T2D remission
at 5 year of follow-up [34]. There were no changes to methods after the commencement of the
study. The study was carried out according to the principles of the Declaration of Helsinki, and all
patients signed an informed consent. This manuscript has been approved for its publication by
the Research Ethics Committee of our institution (reference PR144/20). The trial was registered at
www.controlledtrials.com as ISRCTN14104758.
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2.1. Randomization

The randomization process was performed by the statistic department using a computer software
program that generated the random sequence. The allocation of patients was assigned by simple
randomization 1:1:1 to undergo mRYGB, SG or GCP, using opaque sealed sequentially numbered
envelopes with stratification according to baseline levels of HbA1c (greater or lower/equal to 7%).
After signing informed consent, patients were allocated to a specific surgery. The study was therefore
not blinded and the patients, endocrinologist and surgeon were informed about the type of surgery
procedure the patient had been allocated to. After surgical intervention, a multivitamin pill once
daily and calcium/vitamin D (1000 mg/800 IU) was prescribed in all participants. In addition, patients
undergoing mRYGB received 16.000 IU of vitamin D every 15 days. All patients were managed by
the same endocrinologist and two dietitians. They were given the same diet, physical activity and
behavioral counseling during the follow-up.

2.2. Anthropometric Parameters

Weight change after surgery was referred to as total weight loss percentage (TWL%).
Body composition (fat and lean mass) (Kg), whole body bone mineral content (BMC) (g) and BMD
(g/cm2) at lumbar spine (LS) L2-L4 and femoral neck (FN) were measured by DXA (Hologic QDR 4500;
Hologic Inc., Waltham, MA, USA) before and 5 years after surgery. World Health Organization (WHO)
criteria were used to defined osteoporosis (T-score below −2.5) and osteopenia (T-score between −1.0
and −2.5) [35]. Trabecular bone score (TBS) was calculated using LS DXA scans. As proposed by
manufacturers MedImaps [36], we evaluated TBS in patients with BMI between 15 and 35 kg/m2.
TBS ≥ 1.350 was considered normal; TBS between 1.200 and 1.350 as partially degraded and TBS ≤ 1.200
was defined as degraded [36]. The Spanish classic fracture risk assessment system (FRAX®) (Centre
for Metabolic Bone Diseases, University of Sheffield, UK) corrected by TBS was used to evaluate
the 10-year probability of hip fracture and major osteoporotic fractures [37,38]. High risk of major
osteoporotic fractures was calculated including BMD and defined as a probability ≥7.5% or ≥5% and
osteoporosis [39].

2.3. Standard Meal Test

A standard meal test (SMT) was performed before and 1 and 12 months after bariatric surgery.
The SMT consisted of 200 mL of a liquid meal (Edanec®, NACE, Paris, France). Blood was drawn
immediately before and 15, 30, 60 and 120 min following the SMT for GLP-1 and insulin determination.
Fasting ghrelin, PYY and glucagon levels were measured before the SMT.

2.4. Laboratory Determinations

Phospho-calcium metabolism was determined before and 1 and 5 years after bariatric
intervention. Glucose, calcium, phosphorus and alkaline phosphatase were determined using
standard enzymatic methods. 25-hydroxyvitamin D (25(OH)D3) concentrations were determined
using a radioimmunoassay (DiaSorin, Stillwater, MN, USA). Intact serum parathyroid hormone (PTH)
was measured by a two-site immunoradiometric assay (Diagnostic System Laboratories, Webster, TX,
USA). Plasma insulin was analyzed by immunoassay (Coat-A-Count Insulin, Diagnostic Products
Corp., Los Angeles, CA, USA). GLP-1 was measured by radioimmunoassay (Millipore, Saint Charles,
MO, USA) and plasma ghrelin by enzyme immunoassay (CUSABIO biotech, Wuhan, China). Glucagon
and PYY were measured by enzyme immunoassay (Yanahaira Institute Inc., Awakura, Fujinomiya-shi
Shizuoka, Japan).

2.5. Surgical Procedures

mRYGB combines both restriction (a small gastric pouch) and malabsorption (a 200 cm
biliopancreatic limb with an alimentary limb of 100 cm). SG is a restrictive technique with a

59



J. Clin. Med. 2020, 9, 1830

75–80% of gastric volume reduction (stomach resection beginning 4 cm from the pylorus and ending at
the angle of His). GCP is a restrictive and reversible procedure in which an invagination of the greater
gastric curvature is performed instead of gastric resection.

2.6. Statistical Analysis

Based on preliminary data, the study design and sample size was calculated to detect a 20%
difference in GLP-1 secretion (measured by the area under the curve (AUC) after (SMT) before and
1 year after bariatric surgery, with a power of 80% and α risk of 0.05 [33]. The primary outcome of
the study was the predictive value of gut hormone dynamics (GLP-1, glucagon, PYY and ghrelin) on
glucose metabolism improvement at 1 and 12 months after surgery for each procedure. A secondary
outcome was the comparison of changes in BMD at 1 and 5 years between surgical techniques and
their relationship with gastrointestinal hormones. There were no changes to trial outcomes after
commencement of the study. Normally distributed variables were expressed as the mean (standard
deviation) and non-normally distributed variables were expressed as the median (first and third
quartile). Categorical variables were compared using Chi-square test and quantitative variables using
ANOVA test for normally distributed variables and Kruskal–Wallis test was applied for non-normally
distributed variables. GLP-1 area under the curve (AUC) was calculated by the trapezoidal method [40].
Two-way ANOVA with repeated measures was performed to analyze BMD changes throughout the
observation period. Bivariate (Pearson or Spearman) and multivariate linear regression analyses and a
mixed model were employed to determine associated and predicting factors of BMD decrease after
bariatric surgery. Relevant clinical variables previously associated were included in the model (type of
surgery, changes in weight, gastrointestinal hormones concentrations, phospho-calcium metabolism,
metabolic parameters and the presence of T2D remission). Statistical analysis was performed using R
software version 3.4.0 (R Foundation for Statistical Computing, Vienna, Austria). A p-value < 0.05 was
considered statistically significant.

3. Results

Forty-five morbidly obese patients with T2D, aged 49.4 (7.8) years, BMI 39.4 (1.9) kg/m2, initial
HbA1c 7.7 (1.9) %, were consecutively randomized to mRYGB (n = 15), SG (n = 15), or GCP (n = 15)
from May 2012 to February 2014. Follow up compliance was 97.78% (n = 44) at year 1 and 86.6%
(n = 39) at year 5. Therefore, the 5-year evaluation was performed in patients undergoing mRYGB
(n = 14), SG (n = 12) and GCP (n = 13); the rest of participants refused the BMD evaluation for personal
reasons. Sixty-six percent of patients were women equally distributed between groups and menopause
was present in 62% of those undergoing mRYGB, 60% in SG, and 75% in GCP, p = 0.704. Initial
clinical, biochemical, and body composition characteristics were comparable between groups, except
BMI, which was higher in GCP (Table 1). One-year outcomes and procedure complications, stratified
according to the Clavien-Dindo classification, were previously described [33]. As a summary of earlier
published data [27,33], at year one, TWL% was significantly greater in the mRYGB group compared to
SG and GCP. At the end of the study, TWL% in the mRYGB group was −27.32 (7.87) vs. −18.00 (10.6)
and −14.83 (7.84) in SG and GCP, respectively, p = 0.001. Regarding metabolic outcomes, at 5 year
follow up, complete T2D remission was observed in 46.7% of patients undergoing mRYGB vs. 20.0%
after SG and 6.6% after GCP, p < 0.001. Changes in biochemical parameters and body composition
are shown in Table 2. Of note, mRYGB showed a better metabolic improvement and higher weight
loss at an expense of fat mass. Serum calcium, phosphate and vitamin D levels were within normal
concentrations and similar in all groups at the end of the study. PTH concentrations were slightly
higher after mRYGB, but without reaching statistical significance (Table 2).
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Table 1. Patient’s baseline characteristics.

Parameter
Metabolic Gastric

Bypass
Sleeve

Gastrectomy
Greater Curvature

Plication
p

Sex (male/female) 7/8 5/10 3/12 0.301
Age (years) 51.1 (7.70) 49.2 (9.16) 49.7 (8.12) 0.827
Weight (kg) 103.01 (10.8) 102.30 (10.7) 105.53 (11.8) 0.301
BMI (kg/m2) 38.73 (2.01) 39.02 (1.68) 40.90 (1.44) 0.004 *
HbA1c (%) 7.39 (1.95) 7.89 (1.71) 8.05 (2.15) 0.498

Calcium (mmol/L) 2.35 (0.12) 2.37 (0.12) 2.6 (0.12) 0.978
Phosphate (mmol/L) 1.06 (0.16) 1.09 (0.18) 1.08 (0.15) 0.856

PTH (pmol/L) 4.75 (4.46) 3.66 (1.58) 5.05 (4.45) 0.803
Vitamin D (nmol/L) 54.99 (21.35) 52.67 (29.78) 52.78 (25.97 0.606

Fat Mass (kg) 36.53 (8.09) 34.22 (5.57) 35.01 (12.27) 0.414
Lean Mass (kg) 57.39 (10.80) 53.78 (8.29) 50.82 (17.33) 0.670

FNBMD 0.89 [0.84;0.96] 0.90 [0.81;0.96] 0.95 [0.84;1.07] 0.344
FN T-score −0.05 [−0.50;0.40] 0.08 [−0.40;0.50] 0.85 [−0.25;1.55] 0.077
FN Z-score 0.81 [0.48;1.37] 0.96 [0.10;1.60] 1.54 [0.73;2.00] 0.134

LSBMD 1.03 [0.98;1.09] 1.11 [1.04;1.21] 1.08 [0.99;1.14] 0.255
LS T-score −0.59 [−1.15;0.05] 0.28 [−0.40;1.10] 0.09 [−0.45;0.50] 0.082
LS Z-score 0.01 [−0.50;0.50] 0.79 [0.10;1.80] 0.62 [−0.05;1.03] 0.239

Data are expressed as mean (standard deviation) for normal distributed variables and median (first and third
quartiles) for non-normal distributed variables. BMD, bone mineral density; BMI, body mass index; FN, femoral neck;
HbA1c, glycated hemoglobin, LS, lumbar spine; p, statistical significance; PTH, parathyroid hormone; *, p < 0.05
was considered statistically significant.

Table 2. Patient’s characteristics 5 years after bariatric surgery.

Parameter
Metabolic Gastric

Bypass
Sleeve

Gastrectomy
Greater Curvature

Plication
p

Sex (male/female) 6/8 4/8 3/10 0.552
Age (years) 55.2 (7.40) 55.2 (8.30) 53.6 (8.54) 0.700
Weight (kg) 74.7 (9.97) 84.4 (17.0) 89.2 (11.7) 0.014 *
BMI (kg/m2) 28.1(2.99) 32.0 (4.56) 34.7 (3.68) <0.001 *
HbA1c (%) 5.43 (0.69) 6.97 (1.32) 7.07 (1.66) 0.002 *

Calcium (mmol/L) 2.32 (0.10) 2.38 (0.10) 2.38 (0.10) 0.221
Phosphate (mmol/L) 1.13 (0.21) 1.08 (0.22) 1.08 (0.15) 0.722

PTH (pmol/L) 8.39 (3.50) 5.66 (2.19) 6.73 (2.63) 0.059
Vitamin D (nmol/L) 61.9 (46.7) 65.3 (33.6) 73.4 (52.3) 0.801

Fat Mass (kg) 31.2 (6.37) 40.0 (8.82) 41.9 (6.86) 0.001 *
Lean Mass (kg) 39.4 (6.74) 43.4 (8.91) 43.1 (7.98) 0.352

FNBMD 0.77 [0.72;0.82] 0.83 [0.78;0.92] 0.85 [0.74;0.98] 0.259
FN T-score −1.08 [−1.68;−0.80] −0.50 [−0.92;0.23] −0.40 [−1.07;0.38] 0.186
FN Z-score −0.08 [−0.40;0.20] 0.60 [−0.05;1.15] 0.78 [0.00;1.40] 0.081

LSBMD 0.89 [0.82;0.94] 1.04 [0.91;1.16] 0.99 [0.89;1.12] 0.020 *
LS T-score −1.55 [−2.05;−1.20] −0.04 [−1.12;1.21] −0.83 [−1.68;0.23] 0.011 *
LS Z-score −0.82 [−1.30;−0.40] 0.93 [0.15;1.83] 0.34 [−0.80;1.40] 0.004 *

Data are expressed as mean (standard deviation) for normal distributed variables and median [first and third
quartiles]) for non-normal distributed variables. BMD, bone mineral density; BMI, body mass index; FN, femoral
neck; HbA1c, glycated hemoglobin, LS, lumbar spine; p, statistical significance; PTH, parathyroid hormone; *, p < 0.05
was considered statistically significant.

3.1. Changes in BMD after Bariatric Surgery

From baseline to year one, a similar reduction in the FNBMD percentage was observed after
mRYGB compared to SG and GCP: −10.34 (6.05) vs. −5.30 (6.17) vs. −6.69 (5.68), p = 0.118. However,
a greater decrease at LS BMD percentage was detected after mRYGB compared to SG and GCP: −7.29
(4.6) vs. −0.48 (3.9) vs. −1.2 (2.7), p < 0.001). The overall percentage descent from baseline to year
five at the FN was −12.10 (11) vs. −4.19 (10) vs. −7.0 (7.96), p = 0.159 (Figure 1) and at LS: −11.64
(15.0) vs. −3.87 (7.91) vs. −4.34 (4.07), p = 0.158 (Figure 2). Thus, BMD at LS was significantly lower at
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5 years after mRYGB (Table 2). We performed a two-way ANOVA analysis with repeated measures.
At FN, no differences were observed between surgical techniques. Only after mRYGB, we observed
effect of time that was significant between baseline and one year (p < 0.001), but not between one to
5 years, indicating that changes at this site took place during the first year after mRYGB. Regarding LS,
the mixed model found significant differences in mRYGB compared to SG and GCP; and only after
mRYGB was the effect of time significant in each observation period, p < 0.001, indicating an ongoing
process along the 5 year follow-up.

Figure 1. Percentage femoral neck BMD change at year 1 and 5 from baseline. BMD, bone mineral
density; mRYGB, metabolic gastric bypass; SG, sleeve gastrectomy; GCP, greater curvature plication.
p value result from comparing mRYGB with SG and GCP.

Figure 2. Percentage lumbar spine BMD change at year 1 and 5 from baseline. mRYGB, metabolic
gastric bypass; SG, sleeve gastrectomy; GCP, greater curvature plication. p-value result from comparing
mRYGB with SG and GCP.

At the end of the study, FN osteopenia was present in 50.0% (n = 7) after mRYGB, 25.0% (n = 3) in
SG and 25.0% (n = 3) in GCP participants; while osteoporosis only affected one patient in the GCP
group, p = 0.365. At LS, osteopenia was present in 78.6% (n = 11) of the mRYGB group vs. 33.3% (n = 4)
and 50.0% (n = 6) in SG and GCP, respectively, and osteoporosis affected two patients (one in each
mRYGB and GCP groups), p = 0.030. No bone fractures were observed during the study. At year 5,
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TBS values did not show statistical differences when comparing mRYGB with SG and GCP: 1.288 (0.09)
vs. 1.320 (0.11) vs. 1.311 (0.12), p = 0.759. However, 85% of patients had partially or totally degraded
microarchitecture after mRYGB compared to 66.7% after SG and 58.3% in GCP, without reaching
significant differences among groups, p = 0.291. The ten year risk of major osteoporotic fracture was
2.5% (1.20) in mRYGB vs. 2.1% (1.28) and 2.6% (1.50) in SG and GCP, respectively, p = 0.74. Risk of hip
fracture was 0.30% (0.20) in mRYGB vs. 0.20% (0.56) in SG and 0.10% (0.63) in GCP, p = 0.995.

3.2. Correlation of BMD with Anthropometrics, Biochemical and Hormonal Parameters

Bivariate correlations between BMD changes at FN and LS with body composition, biochemical
parameters and hormonal changes after surgery are shown in Table 3.

Table 3. Correlations of BMD changes at the femoral neck and lumbar spine with body composition,
biochemical parameters and hormonal changes after surgery.

Characteristic
ΔFN BMD ΔLS BMD

R p-Value R p-Value

Weightb (kg) 0.450 0.009 * 0.507 0.003 *
BMIb 0.104 0.563 0.061 0.733

Weight5 (kg) 0.661 <0.001 * 0.656 <0.001 *
BMI5 0.588 <0.001 * 0.499 0.003 *

Fat mass5 (kg) 0.596 <0.001 * 0.509 0.003 *
Lean mass5 (kg) 0.408 0.021 * 0.565 <0.001 *

Vitamin D5 (nmol/L) −0.58 0.753 0.009 0.963
PTH5 (pmol/L) −0.224 0.217 −0.251 0.166
APh5 (μkat/L) −0.260 0.143 −0.418 0.016 *

ΔOsteocalcinb−1a (μg/L) −0.241 0.191 −0.360 0.047 *
HbA1c5 (%) 0.452 0.008 * 0.495 0.003 *

ΔGLP-1AUCb−1a −0.337 0.080 −0.528 0.004 *
ΔPYYb−1a −0.114 0.586 −0.124 0.553

ΔGlucagonb−1a −0.096 0.646 0.045 0.830
ΔGhrelinb−1a 0.142 0.453 0.241 0.199

ΔAUC Insulinb−1a −0.110 0.547 0.116 0.553

Spearman and Pearson analysis were performed. APh, alkaline phosphatase; AUC, area under the curve; BMD,
bone mineral density; FN, femoral neck; GLP-1, glucagon like-peptide 1; HbA1c, glycated hemoglobin; LS, lumbar
spine; PTH, parathyroid hormone; PYY, peptide YY; b, baseline; 5, values at 5 years; Δ changes from baselines to
5 years; Δ b−1, changes from baselines to year 1; *, p < 0.05 was considered statistically significant.

When analyzing variables associated with the reduction in BMD after surgery, the decrease at FN
and LS correlated positively with reduction in body weight, fat mass, lean mass and HbA1c values
at 5 year follow-up. Additionally, BMD decline at LS correlated inversely with alkaline phosphatase
and the increase from baselines to one year in osteocalcin and the AUC for GLP-1. No correlations
were found between BMD changes and phospho-calcium parameters at the fifth year nor with other
gastrointestinal hormones.

3.3. Changes in BMD Regarding 5 Year T2D Outcomes after Surgery

Considering the possible influence of metabolic effects in skeleton metabolism, we compared
BMD changes in patients with persistent T2D remission vs. non-remitters five years after surgery.
BMD reduction was greater among remitters vs. non-remitters. At FN, the percentage of reduction was
−4.37 (9.90) in non-remitters, −16.08 (1.98) in partial remitters and −10.57 (10.7) in complete remitters,
p = 0.042. At LS, the percentage of reduction was −2.12 (10.7) in non-remitters, −16.15 (6.57) in partial
remitters and −11.97 (8.01) in complete remitters, p = 0.005. No significant differences were observed in
TBS values regarding T2D remission. Of note, no significant differences between groups were observed
in antidiabetic agents used before surgery. Patients requiring pharmacological treatment after surgery
were mainly treated with metformin and DPP-IV inhibitors.
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3.4. Predicting Factors of BMD Reduction after Surgery

We performed a multiple regression analysis to better determinate BMD predictors. Weight at
5 year was found to be the only variable that predicted BMD changes at FN (adjusted R-squared: 0.3218,
p-value: 0.00247). On the other hand, the type of surgery (mRYGB) and menopause were the variables
that predicted BMD changes at LS (adjusted R-squared for the model: 0.2507, p < 0.005. Other variables
such as changes in HbA1c, phospho-calcium parameters and gastro-intestinal hormones including
GLP-1 AUC were not final predictors of bone outcomes at either location. Coefficients of the regression
model are shown in Table 4. We completed the analysis with a mixed model obtaining similar results;
with this model, the effect of time was also significant, in agreement with the results of two-way
ANOVA analysis.

Table 4. Coefficients of the regression model.

ΔFN BMD Estimate Std. Error p-Value

(Intercept) −40.439 8.301 <0.001 *
mRYGB (1 Ref.)

SG 3.584 3.636 0.333
GCP −0.559 4.028 0.891

weight 0.379 0.106 <0.001 *

ΔLS BMD Estimate Std. Error p-Value

Intercept −5.825 3.268 0.086
mRYGB (Ref.)

SG 9.113 4.005 0.031
GCP 9.881 4.228 0.027
Male (Ref.)

Female No Menop −9.916 4.660 0.042
Female Menop −11.463 3.831 0.006

BMD, bone mineral density; FN, femoral neck; GCP, greater curvature plication; LS, lumbar spine; mRYGB, metabolic
gastric bypass; SG, sleeve gastrectomy; Menop, menopause; Δ, changes from baseline to year 5, *, p < 0.05 was
considered statistically significant.

4. Discussion

To our knowledge, this is the first study that has compared 5 year BMD outcomes between three
different bariatric procedures (mRYGB, SG, and GCP) in the setting of a RCT. We found that mRYGB,
characterized by a hypoabsortive component, showed a greater deleterious effect on LS at long-term
compared to SG and GCP. Women with menopause had the greatest risk of bone loss at LS.

Bariatric surgery produces detrimental effects on bone health and there is a significant and
non-uniform reduction in BMD across different bone sites [3,16,41,42]. In the short-term, the preferential
bone loss at FN and weight-bearing sites suggests that this could be a response to unloading after
weight loss [43,44]. Only a few previous studies, mainly focusing on standard RYGB, have evaluated
long-term BMD outcomes. In this sense, two observational studies have reported bone deterioration
5 years after RYGB. Raoof et al. [45] found a linear and significant decline in BMD at FN (25%) and LS
(19%) among 32 women that had not received calcium and vitamin D supplementation. Lindeman et
al. [46] also detected a greater reduction in BMD at total hip (15.3%) and less reduction at LS (7.8%),
although the majority of bone loss occurred within the first 2 years. Recently, Hansen et al. analyzed
BMD changes 7 years after RYGB [47]. Among 17 participants, a BMD decline of 17% at total hip
and 8% at LS was observed. Changes at LS occurred during the first 2 years, although there was a
continuous decline in total hip BMD between the second and seventh year after surgery. In our cohort,
we observed an overall reduction around 12% after mRYGB (FN and LS) and between 4 and 7% (FN)
and 3.8 and 4.3% (LS) after restrictive procedures. FN BMD loss was more pronounced during the first
year after surgery when maximum weight loss was achieved, probably due to the effects of skeletal
unloading. On the other hand, LSBMD decline was not as pronounced during the first year but it
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was an ongoing process, especially after mRYGB. The differences observed when compared to former
studies could be explained by the heterogeneity in the patient’s characteristics (proportion of women,
menopausal status), calcium and vitamin D supplementation and type of surgery; particularly in our
cohort where mRYGB with a greater hypoabsortive component was performed.

There is a lack of studies comparing long-term BMD outcomes after different surgical procedures.
In a meta-analysis, comparing BMD changes after RYGB and SG, bone outcomes were similar [48].
However, in only one of 13 studies included, the follow-up time was greater than 2 years.
The STAMPEDE study compared bone changes after RYGB and SG versus intensive medical treatment
in patients with T2D in the setting of a RCT. At 2 years, BMD changes were similar between groups,
but at 5 years, RYGB showed a greater increase in bone metabolism markers compared to SG, thus
supporting our findings [23,49]. No previous data have been published analyzing BMD changes
after GCP.

Bone loss after bariatric surgery is complex and many predicting factors have been proposed.
Changes like weight loss, especially at weight bearing sites [50], and the lean mass decline have
been associated to the BMD reduction [51,52]. We found a positive correlation between whole
BMD, FN and LS, 5 years after surgery with final weight; fat mass and lean mass. Our results
therefore support the influence of body composition variations on BMD changes after bariatric surgery
and highlight the importance of preserving lean mass to reduce the risk of osteosarcopenia [53].
Interestingly, in the multiple regression analysis, FN decline was influenced mainly by weight loss,
supporting the hypothesis of a direct effect of weight unloading. However, at LS, other predicting
factors such as menopause and hypoabsortive techniques were found. In this sense, it has been
suggested that LS trabecular bone is metabolically more active and therefore more reactive to hormonal
changes [54]. Moreover, the peripheral conversion of androgens to estrogens by adipose aromatase can
be compromised with body fat reduction and this could negatively influence LS BMD, mainly in older
menopausal women [24]. Also, body fat secretes many adipokines, such as leptin and adiponectin,
which have been implicated in bone metabolism [21,55].

Micronutrient absorption is commonly affected after bariatric surgery. Significantly lower vitamin
D and higher PTH levels have been reported in surgically treated obese patients compared to nonsurgical
obese patients [52]. Carrasco et al. [56] reported a similar calcium reduction in both SG and RYGB 2
years after surgery compared to baseline, and it was not associated with changes in BMD. Our findings
go in the same direction, and we did not find a relationship between 5 year postsurgical levels of
calcium, vitamin D, PTH or PTH variation from the baseline values with BMD reduction. However,
we should consider that our patients were given proper calcium and vitamin D supplementation and
normal mean values of calcium and vitamin D were maintained across the study. However, as mRYGB
has a greater malabsortive component compared to classic RYGB, we cannot discard deficiencies in
other micronutrients and minerals that could affect bone health.

The influence of gastrointestinal hormone changes after bariatric surgery in bone metabolism
is still unclear. While some studies in mice suggest that incretins like GLP-1 and GIP may have a
beneficial effect on bone [18,57], a negative association between bone formation markers and PYY has
been reported among adolescents with anorexia nervosa [58]. Carrasco et al. [21] observed that ghrelin
reduction was associated with BMD loss after RYGB and SG. Another study in patients with obesity
and T2D showed that fluctuation in a ghrelin gene product (unacylated ghrelin) after RYGB was
associated with the reduction in BMD [59]. In our cohort, as we described previously [33], we observed
a significantly higher increase in the AUC for GLP-1, as well as fasting values of PYY and ghrelin one
year after mRYGB compared to restrictive procedures. At the fifth year, we found a negative correlation
between BMD reductions at LS with an increase in AUC for GLP-1 observed one year after surgery.
This can be explained by the fact that the patients undergoing RYGB who experienced the greatest LS
loss showed the greatest increase in AUC for GLP-1. We also found correlation between whole BMD
changes at the end of the study with other hormones one year after surgery, such as ghrelin (negative),
and glucagon and insulin (positive). Nevertheless, in the multiple regression analysis, gastrointestinal
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hormones, particularly GLP-1, lost statistical significance, casting doubts on their key role on BMD
changes after bariatric surgery.

Recently, BMD has been related to glucose tolerance status [60]. It has been suggested that chronic
hyperglycaemia could degrade bone quality through the inhibition of osteocalcin, increased reactive
oxygen species, bone accumulation of advanced glycation end products or the inhibition of GLP-1 [40].
In a cross-sectional matched cohort study including individuals with BMI > 35kg/m2 and T2D (treated
by RYGB and non-operated), the authors did not observe a relation between T2D status at the end of
the study (remission vs. non-remission) with bone loss [61]. Conversely, in our study, LSBMD at 5 year
follow-up correlated positively with HbA1c values and we found a significantly lower BMD at FN
as well as at LS among T2D remitters compared to non-remitters. However, although a better bone
quality could be expected in T2D remitters, similar bone microarchitecture measured with TBS values
was observed in remitters and non-remitters. Probably, the fact that patients undergoing RYGB were
those with greater T2D remission and greater weight loss could explain our findings. Also, we cannot
underestimate the effect of oral antidiabetic agents on bone. However, no significant differences in
anti-diabetic agents were observed at the beginning of the study. Those patients where T2D persisted
or recurred after surgery were mostly treated with metformin and DPP-IV inhibitors. No patient
received glitazones or SGLT-2 that might negatively affect bone.

Surgically induced weight loss is associated with an increased risk of vertebral and non-vertebral
fractures that starts in the second year, but becomes significant at the fifth year after surgery [62,63].
In a meta-analysis, the highest possibility of fracture was found after malabsortive procedures
(biliopancreatic diversion) followed by the mixed techniques (RYGB) without an increased risk after
restrictive procedures (adjustable gastric banding and SG) compared to the nonsurgical population [64].
Recently, the 26 year results of the S.O.S study [65] observed the highest incidence rate for first fracture
after RYGB compared to restrictive procedures. In our cohort, the small size and time of observation
were probably the reason why we had no bone fractures. Nonetheless, at 5 years, we observed a high
percentage of patients with osteopenia, reaching 70% at LS after mRYGB, but a low percentage of
osteoporosis. Of note, mean Z-scores (which compare BMD with same-aged healthy population) were
below 0 after mRYGB but no patient was ≤−2, the threshold for BMD below the expected range for
the age. It is also unsettling that the fracture risk calculated with the FRAX algorithm was low in our
patients and none of our patients fulfilled the criteria for treatment. The fact that age is the factor that
counts the most in the algorithm along with previous fractures, and that our patients were relatively
young, can probably explain the low values obtained. Nevertheless, in our cohort, we analyzed TBS
which is a simple, non-invasive and inexpensive method to assess bone microarchitecture. To date,
very few studies have evaluated TBS after bariatric surgery [42,66]. In a previous study reported by
us including 38 obese women with an initially normal TBS score, 26.3% of patients had abnormal
TBS values 3 years after RYGB [67]. In the present cohort, abnormal TBS at 5 years (partial or totally
degraded) reached 85% of patients after mRYGB, but also about 50% of those undergoing restrictive
procedures. This supports the hypothesis of a continuous bone microarchitecture declining over time
which could increase the risk of fracture in the longer term.

The findings of our study cannot be generalized to all patients undergoing bariatric surgery as
only three types of procedure were analyzed in a selected population with T2D. Our results should be
understood taking into consideration several limitations. Firstly, the size of the study group is small
and the diversity of participants (gender, menopause status, metabolic improvement after surgery)
could influence the final BMD. In addition, we cannot discard the effect of antidiabetic drugs on bone.
Secondly, the DEXA scan has limited accuracy in obese individuals because of the excess fat overlying
bone and the heterogeneity of its distribution [68]. Also, BMD at LS can be altered by the presence of
degenerative disk disease and osteophytes which can lead to falsely elevated measurements. Lastly,
the small number of gastrointestinal hormones determined that were only evaluated during the first
year after bariatric surgery.
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5. Conclusions

In summary, our results show that mRYGB induces higher deleterious effects, especially at LS
compared to SG and GCP. Elderly women with menopause undergoing mRYGB are at a higher risk of
bone deterioration. Phospho-calcium metabolism and gastrointestinal hormone changes do not seem
to have a major role in BMD outcomes 5 years later. Our findings reinforce the importance of long-life
bone surveillance in bariatric patients and the need to select the bariatric technique according to the
patient’s risk for fractures. Restrictive procedures should be preferable over mRYGB, especially in
those who are susceptible to osteoporosis.
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Abstract: Background: Profiles of amino acid metabolites (AAMs) have been linked to obesity
and energy homeostasis. We investigated whether baseline obesity-related AAMs were associated
with weight status in the early postoperative period after sleeve gastrectomy. Methods: In this
prospective, single-arm, longitudinal study, 27 bariatric patients underwent sleeve gastrectomy.
Twenty obesity-related AAMs were comprehensively quantified prior to surgery, and slow weight loss
was defined as the lowest 40% of the percentage excess weight loss (%EWL) at three and six months
postoperatively. Linear regression models were used to assess the association between baseline
obesity-related AAMs and %EWL, and receiver operating characteristic curves were assessed. Results:
Isoleucine and metabolites from the serotonin pathway were significantly associated with the %EWL
at three and six months after sleeve gastrectomy. Among the metabolites identified to be significant
in the regression analyses, serotonin (area under receiver operating characteristic curves (AUROC):
0.79, 95% confidence interval (CI): 0.59–0.97) and serotonin/5-hydroxytryptophan ratio (AUROC: 0.80,
95% CI: 0.58–1.00) showed superior performance in predicting slow weight loss six months after
sleeve gastrectomy. Conclusions: Our findings underscore the importance of baseline AAM profiles,
especially serotonin and serotonin/5-hydroxytryptophan ratio, in predicting slow weight loss in the
early postoperative period after sleeve gastrectomy.

Keywords: amino acid; metabolomics; sleeve gastrectomy; bariatric surgery; weight loss

1. Introduction

Bariatric surgery is currently the most successful and durable treatment for the morbidly obese [1–3];
however, there is wide variability in the weight loss response to bariatric surgery [4–6] and over 20%
of bariatric patients experience long-term postoperative weight regain [2,7,8]. Although suboptimal
weight loss after bariatric surgery has been known to be associated with the recurrence of obesity-related
comorbidities and a deterioration in the health-related quality of life [9–11], there currently exist
few effective methods for predicting postoperative weight status. Recently, weight loss in the early
postoperative period has been suggested to be able to predict long-term weight outcomes [12,13].
Indicators such as the percentage excess weight loss (%EWL) or weight loss velocity up to six
months after bariatric surgery have been suggested to predict long-term weight response to bariatric
surgery [12,13]. Given that postoperative behavioral or intensive lifestyle interventions improve weight
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loss after bariatric surgery [14,15], early identification of slow weight loss responders is an important
focus area for individualized postoperative care.

Interestingly, circulating concentrations of branched-chain amino acids (BCAAs), aromatic amino
acids (AAAs), and various tryptophan-derived metabolites (TDMs) have been highlighted as potential
biomarkers for obesity-related medical conditions. BCAAs, AAAs, and various TDMs as signaling
molecules participate in nutritional metabolism and energy homeostasis and the adipose tissue has
been known to regulate these circulating metabolites [16–19]. Levels of circulating BCAAs and AAAs
tend to be elevated in individuals with obesity and appear to be closely related to an individual’s
metabolic health and future insulin resistance or type 2 diabetes [20,21]. Although several mechanisms
(e.g., activation of mammalian target of rapamycin complex 1, mitochondrial dysfunction induced
by amino acids dysmetabolism) have been proposed to explain the increased amino acid and insulin
resistance and obesity, the exact causative associations have not been investigated [20]. Among various
TDMs, peripheral serotonin has been well known as affecting organismal energy homeostasis [22,23],
and inhibition of peripheral serotonin synthesis protects against diet-induced obesity [24]. Serotonin
metabolism has been known to regulate glucose levels and in turn obesity through its effects on
hepatocyte and adipocyte functions [25].

Sleeve gastrectomy is one of the most commonly performed bariatric surgeries and appears
to be similar in achieve weight loss compared with the Roux-en-Y gastric bypass, which has been
considered the gold standard procedure for morbidly obese patients [26]. To elucidate the role of AAMs
as potential predictors for early postoperative weight status after sleeve gastrectomy, we performed
a comprehensive metabolomic study targeting 20 obesity-related AAMs in bariatric patients and
investigated whether pre-operative AAMs are associated with weight loss in the early postoperative
period after sleeve gastrectomy.

2. Methods

2.1. Study Participants

In January 2019, a prospective, single-arm, longitudinal study to assess the effect of bariatric
surgery on energy homeostasis began at a university hospital. The original study was designed to
perform follow ups until 12 months postoperative, and this study details the interim results at six months
postoperative (Institutional Review Board approval number: 2019AN0055). Following the general
criteria for bariatric surgery in Korea, eligibility criteria included body mass index (BMI) ≥ 35 kg/m2,
or BMI ≥ 30 kg/m2 and at least one or more obesity-related co-morbidities, and age ≥ 20. Patients were
excluded if they had previous bariatric surgeries, other complex abdominal surgeries, or had poorly
controlled medical or psychiatric disorders (details of eligibility criteria are presented in Supplementary
Table S1). Because of the lack of literature on the association between AAMs and weight status after
bariatric surgery, sample size calculation was not performed. We designed this study with a sample
size of 30 participants out of whom three failed to report during follow-ups. Patients providing
written informed consent entered a screening process for study eligibility and underwent physical and
laboratory evaluations to confirm eligibility.

2.2. Pre-operative Education of Bariatric Patients

Following study enrollment, all patients received nutritional evaluations including weight-loss
expectations, eating behaviors and patterns, physical activity habits, and psychosocial assessments.
To achieve optimal weight loss after sleeve gastrectomy, a bariatric physician and registered dietitian
provided dietary and lifestyle recommendations including dietary principles, such as macro- and
micro-nutrient compositions, carbohydrate counting, and advice regarding regular aerobic exercise
(if medically approved by the physician who provided their medical care). All patients began
guideline-based micronutrient (vitamin and mineral) supplementation after enrollment in this
study [27].
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2.3. Surgical Procedures

Sleeve gastrectomies were performed laparoscopically by a single bariatric surgeon and involved
a gastric volume reduction of 80% to 85% using a 30-French endoscope to perform stomach resections
beginning 3 cm from the pylorus and terminating at the angle of His.

2.4. Postoperative Care Regarding Nutrition and Exercise

Postoperatively, patients received education via a protocol-driven staged-meal progression.
If tolerable, a low-sugar clear liquid meal was initiated within 24 h after sleeve gastrectomy, and soft
and regular diets were recommended to begin at three–four weeks and nine weeks, respectively.
A protein intake of 50 g/day and up to 1.5 g/kg ideal body weight per day was recommended with oral
supplementation of amino acids including BCAAs and AAAs: leucine 5.55 g/day, isoleucine 2.65 g/day,
valine 2.7 g/day, phenylalanine 1.75 g/day, tyrosine 1.75 g/day, and tryptophan 1.35 g/day. Promax®

(Korea Medical Foods Co., Seoul, South Korea) was used for amino acid supplements.
In the first four weeks postoperatively, patients exercised by walking and gradually increased

speed in their tolerated threshold. Patients were asked to walk 150 min per week. In 5–26 weeks
postoperatively the patient’s total walking time increased to ≥ 200 min per week and ≥ 4 days per
week. Additionally, patients were asked to perform three ≥ 20 min strength exercise sessions including
shoulder and hip strengthening exercises ≥ 3 days per week. The intensity of the exercises was a
perceived exertion rating between 12 to 14 on the Borg Scale [28]. All participants were followed-up
every two weeks via telephone and by text message to confirm compliance with their nutritional and
exercise recommendations.

2.5. Measurements of Serum AAMs

Pre-operative blood samples of patients were obtained within two weeks prior to surgery.
Blood sampling was performed eight h after fasting when patients were not on a pre-operative
calorie-restricted diet. Amino acid profiling was performed using liquid chromatography-mass
spectrometry in the College of Life Sciences & Biotechnology, Korea University, Seoul, Korea.
We selected 20 obesity-related AAMs based on the results of previous studies relating AAMs and
obesity or energy homeostasis (Supplementary Figure S1): (1) BCAAs (leucine, isoleucine, valine);
(2) AAAs (phenylalanine, tyrosine, tryptophan); (3) TDMs including kynurenine pathway metabolites
(kynurenine, anthranilic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, kynurenic acid,
xanthurenic acid); indole pathway metabolites (indoxyl sulfate, indole-3-acetic acid, indole-3-lactic acid,
indole-3-propionic acid); serotonin pathway metabolites (5-hydroxytryptophan (5-HTrp), serotonin,
5-hydroxyindoleacetic acid (5-HIAA)); and tyrosine pathway metabolites (L-dihydroxyphenylalanine).
We also calculated the ratios between adjacent metabolites (downstream metabolites/upstream
metabolites) to compare the enzymatic activity among participants. A detailed protocol for serum
metabolite measurements and enzymes corresponding to the metabolite ratios are presented in
Supplementary Tables S2 and S3.

2.6. Outcome Measures

The primary outcomes were the associations between baseline obesity-related AAMs and changes
in weight status three and six months post sleeve gastrectomy. Changes in weight status were calculated
with %EWL by dividing the number of kilograms lost by the number of kilograms in the patient’s
excess body weight.

2.7. Statistical Analysis

Summary data are presented as percentages for categorical variables and as means with standard
deviations (SDs) for continuous variables. Patients’ characteristics at baseline and three or six months
postoperatively were compared using the paired t-test or Wilcoxon signed rank test for continuous
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variables. Serum metabolite concentrations were log-transformed to improve the normality of their
distributions based on the Shapiro-Wilk test results. First, we examined associations of %EWL with
baseline obesity-related AAMs three and six months postoperatively using linear regression models
adjusted for baseline BMIs. Sensitivity analyses were also performed to determine the consistency
of the statistical significance according to the following baseline characteristics: age ≥ 45 years,
female sex, BMI ≥ 35 kg/m2, hypertension, diabetes, and non-smoker status. Secondly, using AAMs
identified as significant in the regression analyses, receiver operating characteristic (ROC) curves were
generated to analyze individual AAM performances to predict slow weight loss three and six months
postoperatively. Considering that about 40% of the bariatric patients at our hospital do not attain 50%
EWL at 6 months postoperative, slow weight loss was defined as the lowest 40% of the %EWL at
three and six months postoperative. Statistical analyses were performed using Stata12 (Stata Corp.,
College Station, TX, USA), and a two-sided p-value of < 0.05 was considered statistically significant.

3. Results

3.1. Patients’ Characteristics at Baseline

The mean age of the 27 study participants was 42.1 years (SD: 12.9), and 63% of the patients
were women (Table 1). The mean BMI and mean waist circumference were 38.7 kg/m2 (SD: 5.2) and
120.5 cm (SD: 19.9), respectively. Among the study participants, 78% had metabolic syndromes and
15% were current smokers. Participants with hypertension, diabetes, and dyslipidemia were 52%, 74%,
and 74%, respectively.

Table 1. Baseline characteristics.

Variables Values (n = 27)

Age, years 42.1 ± 12.9
Female sex, n (%) 17 (63)

Body mass index1, kg/m2 38.7 ± 5.2
Body weight, kg 105.1 ± 17.0

Waist circumference, cm 120.5 ± 19.9
Current smoker, n (%) 4 (15)

Metabolic syndrome, n (%) 21 (78)
Hypertension, n (%) 14 (52)

Diabetes, n (%) 20 (74)
Dyslipidemia, n (%) 20 (74)

Values are given as mean ± standard deviation 1 The body mass index is the weight in kilograms divided by the
square of the height in meters.

3.2. Changes in Patients’ Characteristics after Bariatric Surgery

All patients experienced a significant decrease in BMI and body weight (BMI at three months:
31.5 kg/m2 (SD: 5.1), p < 0.001; body weight at three months: 85.1 kg (SD: 15.3), p < 0.001; BMI at six
months: 27.9 kg/m2 (SD: 4.6), p < 0.001; and body weight at six months: 73.9 kg (SD: 11.5), p < 0.001)
(Table 2). Patients presented with a mean of 62.5% (SD: 35.1) and 92.3% (SD: 49.8) %EWL at three and six
months after bariatric surgery, respectively. Body fat mass (BFM) and fat free mass (FFM) also showed
significant postoperative decreases at three months (BFM: p < 0.001; FFM: p < 0.001) and six months
(BFM: p = 0.002; FFM: p = 0.007). Fasting plasma glucose levels decreased to 14.5% of the baseline at
three months (p = 0.028), and 17.0% of the baseline at six months (p = 0.034). Patients’ homeostatic
model assessment of insulin resistance (HOMA-IR) improved at three months (2.8 (SD: 1.6), p = 0.033)
and at six months (2.2 (SD: 0.6), p = 0.044) compared to the baseline. Mean systolic and diastolic
blood pressures at six months were 126.1 mmHg and 83.1 mmHg, respectively, which represented a
decrease of 11.6% and 14.9% from the baseline, respectively. Mean high-density lipoprotein (HDL)
cholesterol and triglyceride levels at six months were 54.6 mg/dL and 115.6 mg/dL, respectively,
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which represented a 15.6% increase from the baseline (p = 0.041) and a decrease of 23.6% from the
baseline (p = 0.016), respectively.

Table 2. Average values and percentage changes at three and six months after sleeve gastrectomy.

Variables

Measurement Time

Baseline
(n = 27)

3 Months after Surgery (n = 27) 6 Months after Surgery (n = 27)

Values Values
Change from
Baseline, %

p Values
Change from
Baseline, %

p

Body-mass index, kg/m2 38.7 ± 5.2 31.5 ± 5.1 −18.8 ± 4.2 <0.001 27.9 ± 4.6 −26.1 ± 4.6 <0.001
Body weight, kg 105.1 ± 17.0 85.1 ± 15.3 −18.8 ± 4.2 <0.001 73.9 ± 11.5 −26.1 ± 4.6 <0.001

% Excess weight loss 62.5 ± 35.1 92.3 ± 49.8
Waist circumference, cm 120.5 ± 19.9 102.3 ± 13.6 −14.9 ± 7.4 <0.001 * 94.4 ± 13.5 −21.7 ± 7.3 <0.001 *

Body fat mass, kg 54.4 ± 12.0 35.5 ± 10.0 −28.7 ± 8.0 <0.001 26.0 ± 6.7 −46.5 ± 8.1 0.002
Fat free mass, kg 57.5 ± 9.9 50.3 ± 8.3 −10.3 ± 4.2 <0.001 48.6 ± 9.8 −12.0 ± 6.5 0.007

Fasting plasma glucose,
mg/dL 131.6 ± 54.4 104.2 ± 17.6 −14.5 ± 33.3 0.028* 100.6 ± 18.6 −17.0 ± 29.2 0.034 *

HOMA-IR 6.4 ± 10.0 2.8 ± 1.6 −50.6 ± 36.4 0.033 2.2 ± 0.6 −47.1 ± 50.8 0.044
Systolic blood pressure,

mmHg 142.6 ± 5.8 134.3 ± 6.3 5.7 ± 2.2 <0.001 126.1 ± 4.8 11.6 ± 2.2 <0.001
Diastolic blood pressure,

mmHg 97.6 ± 6.2 89.3 ± 5.4 8.4 ± 3.2 <0.001 83.1 ± 5.7 14.9 ± 3.2 <0.001
High-density lipoprotein

cholesterol, mg/dL 46.0 ± 10.4 49.2 ± 10.0 9.9 ± 31.6 0.792 * 54.6 ± 14.4 15.6 ± 20.9 0.041 *
Triglycerides, mg/dL 173.6 ± 82.2 131.3 ± 37.1 −10.7 ± 42.3 0.042 * 115.6 ± 37.0 −23.6 ± 31.7 0.016 *

HOMA-IR, Homeostasis model assessment-insulin resistance. Values are given as mean ± standard deviation.
Body fat mass and fat free mass were measured with bioimpedance analyses. * p-Value was calculated with Wilcoxon
signed rank test.

3.3. Baseline AAMs and Weight Loss after Sleeve Gastrectomy

Several baseline AAMs were associated with %EWL at three and six months after sleeve
gastrectomy (Table 3). Baseline isoleucine was significantly associated with %EWL at three months
(β (standard error (SE)): 0.67 (0.27); p = 0.026) and six months (β (SE): 1.02 (0.36); p = 0.016)
postoperatively. Among metabolites from the serotonin pathway, 5-HIAA and 5-HIAA/serotonin ratio
were significantly associated with %EWL at three months (serotonin: β (SE), −39.7 (13.5); p = 0.009;
5-HIAA: β (SE), 106.7 (32.5); p = 0.004; and 5-HIAA/serotonin ratio: β (SE), 54.7 (12.4); p < 0.001),
and at six months (serotonin: β (SE), −50.8 (21.1); p = 0.032; 5-HIAA: β (SE), 125.2 (54.7)O; p = 0.040;
and 5-HIAA/serotonin ratio: β (SE), 54.5 (21.6); p = 0.026) post bariatric surgery. The 5-HTrp/tryptophan
ratio (β (SE): 64.6 (30.6); p = 0.049) and the serotonin/5-HTrp ratio (β (SE): −45.7 (14.1); p = 0.005)
were significantly associated with %EWL at three months, but not at six months post bariatric surgery.
The results of other AAMs are presented in Supplementary Table S4. Sensitivity analyses showed that
the statistical significance did not change in the various patient groups (Supplementary Table S5).

Table 3. Association between baseline amino acid metabolites and %EWL at three and six months after
sleeve gastrectomy.

%EWL at 3 Months (n = 27) %EWL at 6 Months (n = 27)
β (SE) p β (SE) p

Branched-chain amino acids
Leucine 0.24 (0.32) 0.455 0.26 (0.47) 0.576

Isoleucine 0.67 (0.27) 0.026 1.02 (0.36) 0.016
Valine 0.17 (0.19) 0.378 0.31 (0.28) 0.281

Aromatic amino acids
Tryptophan −0.57 (0.40) 0.169 −1.21 (0.59) 0.061

Phenylalanine 0.04 (0.48) 0.921 0.02 (0.76) 0.973
Tyrosine −0.37 (0.26) 0.171 −0.52 (0.39) 0.208
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Table 3. Cont.

%EWL at 3 Months (n = 27) %EWL at 6 Months (n = 27)
β (SE) p β (SE) p

Sum of branched-chain amino acids 0.13 (0.09) 0.181 0.20 (0.13) 0.155

Sum of large neutral amino acids −0.15 (0.13) 0.273 0.04 (0.10) 0.673

Metabolites from serotonin pathway
5-hydroxytryptophan * 61.0 (37.8) 0.124 71.7 (62.6) 0.273

Serotonin −39.7 (13.5) 0.009 −50.8 (21.1) 0.032
5-hydroxyindoleacetic acid * 106.7 (32.5) 0.004 125.2 (54.7) 0.040

Ratios of metabolites from serotonin
pathway

5-hydroxytryptophan / Tryptophan † 64.6 (30.6) 0.049 83.2 (45.8) 0.093
Serotonin / 5-hydroxytryptophan ‡ −45.7 (14.1) 0.005 −45.2 (23.1) 0.073

5- hydroxy-indoleacetic acid / Serotonin § 54.7 (12.4) <0.001 54.5 (21.6) 0.026

%EWL, % excess weight loss; SE, standard error. Linear regression models were adjusted for baseline body mass
index. %EWL was calculated by dividing the number of kilograms lost by the number of kilograms in a patient’s
excess body weight. Large neutral amino acids are a sum of branched-chain amino acids and aromatic amino
acids. Results of metabolites from kynurenine, indole, and tyrosine pathway are shown in Supplemental Table S4.
All simbols mean the same and significant association with %EWL

3.4. Prediction for Slow Weight Loss after Sleeve Gastrectomy

ROC curves were generated with isoleucine and metabolites from the serotonin pathway,
which were significantly associated with %EWL after sleeve gastrectomy (Table 3). Serotonin and
serotonin/5-HTrp ratio showed superior performance in predicting slow weight loss at three and six
months postoperatively (Figure 1). The values of the AUROCs were, serotonin, 0.78 (95% CI: 0.58–0.97)
at three months and 0.79 (95% CI: 0.59–0.97) at six months; serotonin/5-HTrp ratio, 0.81 (95% CI:
0.61–1.00) at three months and 0.80 (95% CI: 0.58–1.00) at six months.

Figure 1. Performance of baseline serotonin and serotonin/5-HTrp ratio in predicting slow weight
loss at: (A) three months and (B) six months after sleeve gastrectomy. AUROCs were calculated
using amino acid metabolites proven to be significant (Table 3). Among the test metabolites, serotonin
and serotonin/5-HTrp ratio showed superior prognostic performance with the best discriminatory
ability for predicting slow weight loss three and six months after sleeve gastrectomy. AUROC values
included: serotonin, 0.78 (95% CI: 0.58–0.97) at three months and 0.79 (95% CI: 0.59–0.97) at six months;
serotonin/5-HTrp ratio, 0.81 (95% CI: 0.61–1.00) at three months and 0.80 (95% CI: 0.58–1.00) at six
months. 5-HTrp: 5-hydroxytryptophan, AUROC: area under receiver operating characteristic curves,
CI: confidence interval.
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4. Discussion

In this study, we showed that the profiles of obesity-related AAMs before sleeve gastrectomy
were significantly associated with %EWL at three and six months postoperatively. Among the AAMs
which proved to be significant, serotonin and the serotonin/5-HTrp ratio showed superior prognostic
performance with the best discriminatory ability for slow weight loss at three and six months after
sleeve gastrectomy. To our knowledge, these results are the first to suggest that pre-operative AAM
profiles are useful biomarkers for predicting early postoperative weight status after sleeve gastrectomy.

Our findings, which highlight BCAAs, are noteworthy in the context of experimental and clinical
data which suggest that BCAAs may be markers of insulin resistance in obesity [21,29,30]. Although
changes in the levels of amino acids, including BCAAs and AAAs were observed in patients who
underwent bariatric surgery [31–33], less knowledge is available regarding how pre-bariatric surgery
amino acid profiles affect weight loss after bariatric surgery. Our data showed that pre-operative
BCAA profiles, especially higher levels of serum isoleucine, were associated with more successful
weight loss in the relatively early postoperative period (three and six months postoperatively) (Table 3).
Given that isoleucine has been known to have a role in the improvement of visceral obesity and
hyperinsulinemia and lipid metabolism in white adipose tissue [34,35], our findings support the
opinion that hyper-isoleucinemia could be a pre-operative manifestation to predict optimal weight
loss after sleeve gastrectomy.

Our results, which underscore serum metabolites from the serotonin pathway for predicting slow
weight loss after sleeve gastrectomy, should also be viewed in the context of previous studies suggesting
peripheral serotonin as a potential biological mediator in energy homeostasis [4,24]. Since serotonin
cannot cross the blood-brain barrier, central and peripheral serotonin systems are functionally separated
and serotonin is synthesized from the essential amino acid tryptophan by the sequential actions of
tryptophan hydroxylase (TPH) and aromatic L-amino acid decarboxylase (AADC) (Supplementary
Figure S1). Increased circulating serotonin levels are observed in mice with diet-induced obesity [22,36]
and humans with obesity [37]. Additionally, gain-of-function polymorphisms in TPH, which promote
hyperserotonemia, were associated with BMI and waist circumference in a genome-wide association
study of nondiabetic individuals [38]. However, the absence of serotonin through a genetic or
pharmacological block of peripheral TPH protects against the development of metabolic syndrome in
mice on a high-fat diet [24,39].

Our results showed that lower levels of serotonin and higher levels of 5-HIAA before surgery
were associated with higher %EWL at three and six months postoperatively (Table 3). In accordance
with these results, lower level of serotonin/5-HTrp ratio (representing AADC activity) and higher level
of 5-HIAA/serotonin ratio (representing monoamine oxidase A (MAO-A) activity), which promote
hyposerotonemia, were associated with higher %EWL at three months postoperatively. Serotonin
and serotonin/5-HTrp ratio in particular showed superior performance in predicting slow weight loss
three and six months after sleeve gastrectomy (Figure 1). Circulating serotonin has been known to
interact with multiple organs and stimulate insulin secretion and lipogenesis, thereby accelerating the
energy storage process of the body [40]. Our findings on the association between hyposerotonemia
and rapid postoperative weight loss is in line with previous studies that have demonstrated that
peripheral serotonin can promote efficient energy storage. Our results are the first to suggest that
serum metabolites from the serotonin pathway predict weight loss after sleeve gastrectomy and further
studies are warranted to assess whether the serotonin pathway contributes to a variability in the weight
loss response.

This study had several limitations. First, our results did not preclude that other serum metabolites
may also predict weight status after sleeve gastrectomies. For example, analyzing downstream
kynurenine pathway metabolites such as quinolinic acid and nicotinamide adenine dinucleotide,
and BCAA metabolites such as alanine, glutamine, and glutamate would require further evaluation.
Secondly, postoperative energy balance, mainly determined by caloric intake and expenditure,
could also affect postoperative weight status. Although we monitored compliance and postoperative
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diet and exercise recommendations every two weeks, bias could occur due to indirect supervision via
telephone or text messages. Thirdly, supplementation of amino acids may also modify the alteration in
postoperative weight status [41,42]. However, we followed and monitored the equivalent intake of
oral amino acid supplements during the study and various sensitivity analyses showed a consistency
of statistical significance for the overall results. Fourthly, our study was conducted on a small number
of Asian patients with relatively low BMIs and high rates of metabolic syndrome (the mean BMI
was 38.7 kg/m2 and 78% of the patients had metabolic syndrome). Caution is advised in applying
our results to patients of other ethnicities, patients with higher BMIs, or patients with lower rates of
metabolic syndrome. Our results should be further validated in studies with more patients. Fifthly,
as an early postoperative study, our results preclude the usefulness of preoperative AAM profile for
predicting long term weight status after sleeve gastrectomy. Sixthly, our results should be interpreted
with caution for a potential type I error induced by multiple comparisons.

5. Conclusions

In conclusion, pre-operative profiles of AAMs (especially those of serotonin and serotonin/5-HTrp
ratio) showed superior predictive performances for weight status three and six months after sleeve
gastrectomy. Further studies are warranted to assess whether measurements of serum AAMs might
assist in the identification of patients who maintain successful weight loss in long-term follow-ups and
to elucidate the biological mechanisms by which certain AAMs might mediate successful weight loss
after sleeve gastrectomy.
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Abstract: To ascertain the 5-year metabolic effects of bariatric surgery in poor weight loss (WL)
responders and establish associated factors. Methods: Retrospective analysis of a non-randomised
prospective cohort of bariatric surgery patients completing a 5-year follow-up. Mid-term poor WL
was considered when 5-year excess weight loss was <50%. Results: Forty-three (20.3%) of the
212 included patients were mid-term poor WL responders. They showed an improvement in all
metabolic markers at 2 years, except for total cholesterol. This improvement with respect to baseline
was maintained at 5 years for plasma glucose, HbA1c, HOMA, HDL and diastolic blood pressure;
however, LDL cholesterol, triglycerides and systolic blood pressure were similar to presurgical values.
Comorbidity remission rates were comparable to those obtained in the good WL group except for
hypercholesterolaemia (45.8% vs. poor WL, p = 0.005). On multivariate analysis, lower baseline HDL
cholesterol levels, advanced age and lower preoperative weight loss were independently associated
with poor mid-term WL. Conclusions: Although that 1 in 5 patients presented suboptimal WL 5 years
after bariatric surgery, other important metabolic benefits were maintained.

Keywords: bariatric surgery; obesity; severe obesity; weight loss; weight regain; sleeve gastrectomy;
gastric bypass

1. Introduction

Undoubtedly, bariatric surgery (BS) has proved to be the most effective treatment for
morbidly-obese patients when conventional therapy has failed. Its health benefits have been shown to
extend beyond weight loss, with improvement in or even remission of obesity-related comorbidities
such as type 2 diabetes, hypertension or dyslipidaemia [1,2].
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Several studies have shown that post-surgical weight loss varies widely among patients and
a notable percentage can be qualified as poor weight loss (WL) responders [3–6]. They are more
frequently identified at mid-term follow-up taking into account that most patients experience a slight
weight regain from the first year post-surgery [3,7,8]. Despite being a widely recognised group,
no previous studies focused on the evolution of metabolic parameters and comorbidity remission
rates 5 years after BS. To our knowledge, the Farias et al. study is the only work comparing good and
poor WL responders. Those authors only reported results on the remission rates of obesity-related
comorbidities with a shorter follow-up (2 years) [6].

We can hypothesise that patients with poor WL at 5 years will also benefit from BS considering
two aspects: firstly, weight loss is not the only factor responsible for the improvement in comorbidities
in BS; other phenomena, such as hormonal mechanisms, have been established [9–12]. Secondly,
patients considered as poor WL responders have been defined by a percentage excess weight loss
(%EWL) < 50%. However, despite not achieving an optimal WL at 5 years, patient weight remained
lower than that at baseline. Thus, the primary aim of the present study was to determine the benefits
of BS in poor WL responders at 5 years, compare them with good WL responders and identify the
pre-surgical factors associated with a poor WL response to BS.

2. Experimental Section

2.1. Study Protocol

A retrospective analysis was conducted of a non-randomised prospective cohort study of
severely-obese patients undergoing BS at the Hospital del Mar, Barcelona from January 2004 to
December 2014. Patients were between 18 and 60 years of age and met the 1991 BS criteria of the
National Institutes of Health [13]. Patients with a body mass index (BMI) of 35–39 kg/m2 and metabolic
abnormalities as well as patients with BMI > 40 kg/m2 were included. The indication for the type of
surgical procedure (laparoscopic sleeve gastrectomy [LSG] and laparoscopic Roux-en-Y gastric bypass
[LRYGB]) was based on clinical criteria and the consensus of the BS Unit. In this respect, LSG was
preferred in younger patients, in those with a BMI 35–40 kg/m2, as a first-step treatment in cases with
BMI > 50 kg/m2 (although given the positive LSG outcomes none of these patients had to further
undergo LRYGB), and when drug malabsorption was to be avoided. Patients who did not complete a
minimum of 5 years of follow-up were excluded. In accordance with the study protocol, all patients
were evaluated preoperatively and at 3, 6, 12, 18 and 24 months post-surgery and annually thereafter by
the same surgeon, endocrinologist and nutritionist. Protocol visits included measurements of weight,
waist, hip circumferences, blood pressure, assessment of comorbidity status and laboratory tests for
glucose, insulin, glycated haemoglobin (HbA1c), total cholesterol, high-density lipoprotein (HDL)
cholesterol and triglyceride levels. All subjects provided their informed consent for the procedure and
the study. The Ethics Committee of Parc de Salut Mar (2017/7722) approved the protocol in accordance
with the ethical guidelines of the 1975 Declaration of Helsinki.

2.2. Anthropometric and Biochemical Measurements

BMI was calculated as weight in kilograms divided by the square of height in metres and the
%EWL was based on weight in excess of that corresponding to a BMI of 25 kg/m2 for each patient.
Poor WL responders were defined as those whose EWL did not reach 50% during post-surgical
follow-up [3]. Patients whose %EWL at 5 years was under 50% were considered poor mid-term
WL responders. Glucose was determined by the oxidase method. HbA1c was quantified by
chromatography (Biosystem, Barcelona, Spain). Insulin was measured by radioimmunoassay (Insulin
kit, DPC, Los Angeles, CA, USA). Homeostasis model assessment for insulin-resistance (HOMA-IR)
indices was estimated using the following formula [14]: HOMA-IR = insulin (U/mL) fasting glucose
(mmol/L)/22.5. Total cholesterol and triglycerides were determined using enzymatic methods in a
Cobas Mira automatic analyser (Baxter Diagnostics AG, Düdingen, Switzerland). HDL cholesterol
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was measured using separation by precipitation with phosphotungstic acid and magnesium chloride
and low-density lipoprotein (LDL) cholesterol concentration was calculated with the Friedewald
formula [15]. In accordance with data from our population, the cut-off level for the HOMA-IR
index to define insulin resistance was ≥3.29 [16]. Diabetes was considered when at least one of the
following criteria was met: plasma glucose determination > 126 mg/dL, HbA1c > 6.5% or current
treatment with antidiabetic medication or insulin. By contrast, diabetes remission was considered
when plasma glucose < 100 mg/dL, HbA1c < 6.0% and no anti-diabetic medication was needed.
Hypercholesterolaemia was defined as total cholesterol > 200 mg/dL or use of statin treatment.
Remission was considered when total cholesterol was < 200 mg/dL in the absence of statin treatment.
Hypertriglyceridaemia implied triglyceride levels > 150 mg/dL or fibrate treatment. Remission was
considered when triglyceridaemia <150 mg/dL and no fibrate treatment was needed. Hypertension
was defined as systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 90 mmHg
or need for antihypertensive treatment. Remission was considered when systolic < 140 mmHg and
diastolic blood pressure < 90 mmHg and no antihypertensive treatment was needed.

2.3. Surgical Techniques

The LRYGB technique consisted of a 150 cm antecolic Roux limb with a 25-mm circular
pouch-jejunostomy and exclusion of 50 cm of the proximal jejunum. In LSG, a longitudinal resection of
the stomach from the angle of His to approximately 5 cm proximal to the pylorus was made using
a 36 French bougie inserted along the lesser curvature. The same team of surgeons performed all
operations [12].

2.4. Study Power Calculation

Accepting an alpha risk of 0.05 and a beta risk of 0.2 in a two-sided test, 135 subjects were necessary
in the first group and 33 in the second to recognize as statistically significant a difference greater than
or equal to 20 mg/dL in 5 years total cholesterol change. The common standard deviation for total
cholesterol change was assumed to be 37 [17].

2.5. Statistical Analysis

Statistical analysis was calculated with IBM SPSS Statistics for Windows, Version 25.0 (Armonk,
NY, USA: IBM Corp.). Data were expressed as percentages and frequencies for categorical variables,
as mean ± standard deviation for continuous variables with a normal distribution and as median with
interquartile range for continuous variables with a non-normal distribution. Normality was evaluated
using the Kolmogorov-Smirnov test. For skewed variables, a logarithmic transformation was used
to achieve normality. Fisher exact test or ×2 test was applied to determine the association between
qualitative variables and Student t test to compare mean and standard deviations of quantitative
variables Two-factor mixed ANOVA models were used to evaluate the evolution of continuous variables
in each group and analyse differences between groups at each time point from baseline. Logistic
regression analysiswas applied to evaluate factors independently associated with poor mid-term WL.
All variables associated on univariate analysis (p < 0.1) with poor weight loss responders were included
in the regression model. A p value < 0.05 was considered statistically significant.

3. Results

One hundred and forty-four (40.4%) of the 356 patients who underwent BS between January 2004
and December 2014 were excluded due to lack of follow-up beyond 5 years. Therefore, 212 patients
completed 5 years of follow-up and were included in this study. Baseline characteristics of the included
patients are shown in Table 1.

As shown in Figure 1, the maximum proportion of good WL was present at 18 months post-surgery
with a progressive decline thereafter. At 5 years, 43 patients (20.3%) presented EWL <50% and were
considered poor mid-term WL responders. Baseline characteristics of poor WL responders at 5 years
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were comparable to good WL responders except for age, HDL cholesterol and type of surgery (Table 1).
The %EWL and BMI trajectories of the two groups of subjects are depicted in Figures 2 and 3,
respectively. Differences between groups, in %EWL and BMI, were already apparent 6 months after
surgery (p < 0.001) and remained significant throughout follow-up.

Table 1. Baseline characteristics of all included patients, good and poor mid-term weight loss responders.

Included Patients
(n = 212)

Good Mid-Term WL
Responders (n = 169)

Poor Mid-Term WL
Responders (n = 43)

p Value *

Age (years) 45.4 ± 8.9 44.7 ± 8.9 48.4 ± 8.4 0.015
Female (%) 176 (83.0) 140 (82.8) 36 (83.7) 0.548

BMI (kg/m2) 44.2 ± 5.0 44.1 ± 4.9 44.7 ± 5.5 0.482
LRYGB (%) 131 (61.8) 110 (65.1) 21 (48.8) 0.038

Preoperative %EWL (%) 12.1 ± 13.0 12.9 ± 12.7 8.7 ± 13.5 0.064
Abdominal waist (cm) 126.3 ± 11.9 125.9 ± 12 127.7 ± 11.6 0.468
Systolic BP (mmHg) 139 ± 19.5 138.6 ± 20.0 140.6 ± 17.8 0.538
Diastolic BP (mmHg) 85.9 ± 11.7 86.12 ± 11.9 85.1 ± 11.0 0.603
Glycaemia (mg/dL) 118.4 ± 40.4 116 ± 41.6 127.7 ± 33.9 0.089

Insulin (mU/mL) 16.8 ± 14.4 16.8 ± 15.5 16.9 ± 9.0 0.959
HOMA-IR 5.5 ± 7.7 5.5 ± 8.4 5.5 ± 3.5 0.999
HbA1c (%) 5.97 ± 3.42 5.98 ± 3.8 5.93 ± 0.79 0.944

Total cholesterol (mg/dL) 194.8 ± 34.1 195.5 ± 34.5 191.72 ± 32.7 0.512
HDL cholesterol (mg/dL) 50.7 ± 15.6 51.9 ± 16.3 45.9 ± 11.5 0.023
LDL cholesterol (mg/dL) 118.6 ± 33.0 118.4 ± 34.2 119.6 ± 28.4 0.828

Triglycerides (mg/dL) 106.5 (82.3–151.5) 119.0 (90.0–146.0) 104.0 (77.5–152.5) 0.583
Hypertension * (%) 93 (43.9) 77 (45.6) 16 (37.2) 0.209

Anti-hypertensive drugs 77 (36.3) 62 (36.7) 15 (34.9) 0.826
Diabetes (%) 53 (25) 38 (22.5) 15 (34.9) 0.072

Oral antidiabetic drugs 26 (12.3) 15 (8.9) 11 (25.6) 0.002
Insulin 5 (2.4) 5 (3.0) 0 0.253

Dyslipidaemia (%) 61 (28.8) 45 (26.6) 16 (37.2) 0.120
Statins 31 (14.6) 21 (12.4) 10 (23.3) 0.065

Fibrates 12 (5.7) 9 (5.3) 3 (7.0) 0.454
Cigarette smoking (%) 58 (27.5) 47 (28.0) 11 (25.6) 0.458

WL =weight loss; BMI = body mass index; LRYGB = laparoscopic Roux en Y gastric bypass; %EWL = percentage
excess weight loss; BP= blood pressure; HbA1c= glycated haemoglobin; HDL= high-density lipoprotein; HOMA-IR
= homeostasis model assessment for insulin resistance; LDL = low-density lipoprotein. * p values for comparisons
between poor and good weight loss.

Changes in metabolic markers after BS in good and poor WL responders are shown in Table 2.
Good mid-term WL responders showed a significant decrease in systolic and diastolic blood pressure,
plasma glucose, HbA1c, HOMA-IR, total cholesterol, LDL cholesterol, and triglycerides and an increase
in HDL cholesterol 2 years after BS. Improvement in these metabolic parameters was maintained at
5 years. Poor mid-term WL responders also showed an improvement in all metabolic markers at 2 years,
except for total cholesterol. This improvement with respect to baseline was maintained at 5 years
for plasma glucose, HbA1c, HOMA, HDL cholesterol and diastolic blood pressure; LDL cholesterol,
triglycerides, systolic blood pressure became similar to pre-surgical values. When the 2- and 5-year
evolution of these metabolic parameters was compared between good and poor WL responders,
significant differences were found regarding 2- and 5-year total cholesterol changes and 5-year
triglyceride variation.

When the remission rates of obesity-associated comorbidities were analysed, no significant
differences were found between good and poor WL responders at 2 and 5 years post-surgery except
for hypercholesterolaemia remission (Table 3).

On the multivariate analysis, lower baseline HDL cholesterol levels, advanced age and lower
preoperative weight loss were independently associated with poor mid-term WL (Table 4).

86



J. Clin. Med. 2020, 9, 3193

Figure 1. Percentage of good weight loss responders throughout follow-up. %EWL = percentage
excess weight loss.

Figure 2. Changes in percentage of excess weight loss in good and poor weight loss responders during
follow-up after the bariatric surgical procedure. %EWL = percentage excess weight loss; WLR =weight
loss responders.

87



J. Clin. Med. 2020, 9, 3193

T
a

b
le

2
.

Ev
ol

ut
io

n
of

m
et

ab
ol

ic
m

ar
ke

rs
of

go
od

an
d

po
or

W
L

at
ba

se
lin

e,
2

an
d

5
ye

ar
s

af
te

r
ba

ri
at

ri
c

su
rg

er
y.

G
o

o
d

M
id

-T
e

rm
W

L
R

(n
=

1
6
9
)

P
o

o
r

M
id

-T
e
rm

W
L

R
(n
=

4
3
)

G
o

o
d

v
s.

P
o

o
r

W
L

R
2

Y
e
a
rs

5
Y

e
a
rs

B
a

se
li

n
e

2
Y

e
a

rs
*

p
V

a
lu

e
5

Y
e
a
rs

†p
V

a
lu

e
B

a
se

li
n

e
2

Y
e
a
rs

*
p

V
a
lu

e
5

Y
e
a
rs

†p
V

a
lu

e
p

V
a
lu

e
p

V
a
lu

e

G
lu

co
se

(m
g/

dL
)

11
6.

8
±4

3.
1

90
.0
±1

1.
5

<
0.

00
1

91
.7
±1

1.
1

<
0.

00
1

12
6.

4
±3

3.
5

93
.8
±1

2.
1

<
0.

00
1

98
.4
±1

3.
1

<
0.

00
1

0.
24

4
0.

37
9

H
bA

1c
(%

)
5.

8
±1

.1
5.

3
±0

.6
<

0.
00

1
5.

5
±0

.6
<

0.
00

1
6.

0
±0

.8
5.

4
±0

.4
<

0.
00

1
5.

5
±0

.4
0.

01
8

0.
49

6
0.

26
1

H
O

M
A

5.
8
±1

0.
0

1.
0
±0

.8
<

0.
00

1
1.

1
±0

.9
<

0.
00

1
5.

6
±3

.4
1.

7
±1

.7
<

0.
00

1
2.

3
±1

.9
<

0.
00

1
0.

70
1

0.
44

7
C

ho
le

st
er

ol
(m

g/
dL

)
19

7.
4
±3

4.
1

18
2.

2
±3

1.
8

<
0.

00
1

19
0.

4
±3

4.
9

0.
01

5
19

2.
3
±3

3.
5

18
7.

5
±3

4.
7

0.
71

4
19

6.
9
±3

5.
7

0.
10

7
0.

01
8

0.
02

7
H

D
L

ch
ol

es
te

ro
l(

m
g/

dL
)

52
.5
±1

7.
1

68
.7
±1

6.
4

<
0.

00
1

70
.7
±1

7.
4

<
0.

00
1

45
.5
±1

1.
6

61
.7
±1

4.
3

<
0.

00
1

60
.7
±1

8.
6

<
0.

00
1

0.
92

6
0.

38
2

LD
L

ch
ol

es
te

ro
l(

m
g/

dL
)

11
8.

8
±3

5.
5

98
.8
±2

8.
9

<
0.

00
1

10
3.

5
±2

9.
1

<
0.

00
1

12
0.

8
±2

8.
2

10
9.

9
±2

7.
1

0.
01

6
11

4.
3
±3

0.
5

0.
11

4
0.

07
3

0.
13

0

Tr
ig

ly
ce

ri
de

s
(m

g/
dL

)
10

4.
0

(7
7.

5–
52

.5
)

66
.0

(5
3.

0–
83

.0
)

<
0.

00
1

70
.0

(5
8.

0–
96

.5
)

<
0.

00
1

11
9.

0
(9

0.
0–

14
6.

0)
84

.0
(6

9.
0–

11
5.

0)
<

0.
00

1
90

.0
(7

3.
0–

14
0.

0)
0.

24
3

0.
10

9
0.

00
6

Sy
st

ol
ic

BP
(m

m
H

g)
14

1.
2
±2

1.
0

12
0.

4
±1

7.
6

<
0.

00
1

12
8.

4
±1

7.
4

<
0.

00
1

14
3.

8
±1

6.
9

12
2.

3
±1

5.
5

<
0.

00
1

13
4.

4
±1

6.
8

0.
07

2
0.

34
0

0.
13

1
D

ia
st

ol
ic

BP
(m

m
H

g)
86

.6
±1

2.
5

72
.5
±1

1.
4

<
0.

00
1

75
.4
±1

0.
6

<
0.

00
1

87
.2
±1

1.
4

75
.3
±8

.6
<

0.
00

1
78

.6
±1

1.
5

0.
00

1
0.

07
4

0.
08

5

W
LR
=

w
ei

gh
tl

os
s

re
sp

on
de

rs
;B

P
=

bl
oo

d
pr

es
su

re
;H

bA
1c
=

gl
yc

at
ed

ha
em

og
lo

bi
n;

H
D

L=
hi

gh
-d

en
si

ty
lip

op
ro

te
in

;H
O

M
A

-I
R
=

ho
m

eo
st

as
is

m
od

el
as

se
ss

m
en

tf
or

in
su

lin
re

si
st

an
ce

;
LD

L
=

lo
w

-d
en

si
ty

lip
op

ro
te

in
.*

p
va

lu
es

fo
rc

om
pa

ri
so

ns
w

ith
in

st
ud

y
gr

ou
p

be
tw

ee
n

ba
se

lin
e

an
d

2
ye

ar
s.
†p

va
lu

es
fo

rc
om

pa
ri

so
ns

w
ith

in
st

ud
y

gr
ou

p
be

tw
ee

n
ba

se
lin

e
an

d
5

ye
ar

s.

T
a

b
le

3
.

R
em

is
si

on
ra

te
of

m
et

ab
ol

ic
co

m
or

bi
di

ti
es

in
go

od
an

d
po

or
w

ei
gh

tl
os

s
re

sp
on

de
rs

at
2

an
d

5
ye

ar
s

po
st

-s
ur

ge
ry

.

G
o

o
d

W
L

R
a

t
2

Y
e

a
rs

P
o

o
r

W
L

R
a

t
2

Y
e

a
rs

*
p

V
a

lu
e

G
o

o
d

W
L

R
a

t
5

Y
e

a
rs

P
o

o
r

W
L

R
a

t
5

Y
e

a
rs

†p
V

a
lu

e

Ty
pe

2
di

ab
et

es
(%

)
32
/3

8
(8

4.
2)

14
/1

5
(9

3.
3)

0.
35

1
27
/3

8
(7

1.
1)

11
/1

5
(7

3.
3)

0.
57

7
H

yp
er

te
ns

io
n

(%
)

40
/7

7
(5

1.
9)

7/
16

(4
3.

8)
0.

37
4

37
/7

7
(4

8.
1)

7/
16

(4
3.

8)
0.

48
6

H
yp

er
ch

ol
es

te
ro

la
em

ia
(%

)
44
/8

3
(5

3.
0)

6/
22

(2
7.

3)
0.

02
7

38
/8

3
(4

5.
8)

3/
22

(1
3.

6)
0.

00
5

H
yp

er
tr

ig
ly

ce
ri

da
em

ia
(%

)
21
/2

5
(8

4.
0)

4/
6

(6
6.

7)
0.

32
7

22
/2

5
(8

8.
0)

3/
6

(5
0.

0)
0.

06
9

*
p

va
lu

e
fo

r
co

m
pa

ri
so

n
be

tw
ee

n
st

ud
y

gr
ou

ps
at

2
ye

ar
s.
†p

va
lu

e
fo

r
co

m
pa

ri
so

n
be

tw
ee

n
st

ud
y

gr
ou

ps
at

5
ye

ar
s.

T
a

b
le

4
.

M
ul

ti
va

ri
at

e
an

al
ys

is
of

fa
ct

or
s

as
so

ci
at

ed
w

it
h

po
or

m
id

-t
er

m
W

L
af

te
r

ba
ri

at
ri

c
su

rg
er

y.

O
d

d
s

R
a

ti
o

9
5

%
C

I
p

V
a

lu
e

A
ge

(f
or

ea
ch

5
ye

ar
s)

1.
42

9
1.

10
0–

1.
85

7
0.

00
7

Ba
se

lin
e

H
D

L
ch

ol
es

te
ro

l(
fo

re
ac

h
5

m
g/

dL
)

0.
75

3
0.

62
9–

0.
90

1
0.

00
2

Ty
pe

2
di

ab
et

es
m

el
lit

us
1.

00
9

0.
44

5–
2.

28
7

0.
98

3
Sl

ee
ve

ga
st

re
ct

om
y

1.
64

3
0.

79
8–

3.
38

3
0.

17
8

Pr
eo

pe
ra

ti
ve

%
EW

L
(f

or
ea

ch
5%

)
0.

83
2

0.
72

0–
0.

96
3

0.
01

4

C
I=

co
nfi

de
nc

e
in

te
rv

al
;H

D
L
=

hi
gh

-d
en

si
ty

lip
op

ro
te

in
s;

%
EW

L
=

pe
rc

en
ta

ge
ex

ce
ss

w
ei

gh
tl

os
s.

88



J. Clin. Med. 2020, 9, 3193

Figure 3. Changes in BMI of good and poor weight loss responders during follow-up after the bariatric
surgical procedure. BMI = body mass index; WLR =weight loss responders.

4. Discussion

Different weight loss patterns were observed following BS. Although most participants maintained
their weight loss over time, 20.3% had an EWL < 50% at 5 years. Interestingly, the present study
found that, despite remaining in obesity range, improvements in several metabolic markers persisted
at 5 years after surgery. Moreover, remission rates of several comorbidities associated with obesity
showed no significant differences between good and poor mid-term WL. Predictors associated with a
poor WL pattern were also identified in this study.

Despite the lack of uniform criteria to determine unsuccessful outcomes after BS, poor WL has
been extensively defined as EWL < 50%. Most studies had short-term follow-up periods (1–2 years)
and yielded highly variable poor WL rates, varying from 15 to 35% [4,5]. A study by de Hollanda et
al., which included the same surgical techniques as the present study and a similar follow-up period,
revealed a 24.3% rate of non-responsive patients [3].

Both groups presented clearly different weight loss trajectories. Of note, good WL responders
reached on average a %EWL of approximately 80% between 1 and 2 years of follow-up and were
subsequently able to remain within overweight range (BMI 25–30 kg/m2) until 5 years of follow-up.
By contrast, poor WL responders achieved a lower maximum weight loss of around 60% and also had
a greater weight regain so that mean BMI in poor mid-term WL responders was in class I obesity range
(BMI 30–35 kg/m2) from 6 months to 2 years and worsened to class II obesity range (BMI 35–40 kg/m2)
from 3 to 5 years of follow-up.

As expected, good mid-term WL in our cohort showed an improvement in all metabolic parameters
and similar results to other study cohorts in which no distinction regarding weight response was
taken into account [7,18,19]. Interestingly, poor WL also showed an improvement in all metabolic
parameters at 2 years, except for total cholesterol. These results can be explained by the fact that
the maximum weight loss in this group of patients was observed around this follow-up timepoint.
In contrast, at 5 years, two different patterns emerged with some of these parameters worsening to
levels similar to those at baseline and others maintaining the improvement at 5 years.

The fact that glucose, HbA1c and HOMA-IR did not worsen with weight gain suggests that the
improvement in these metabolic parameters after BS was partially independent of weight. In this
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respect, amelioration in insulin resistance and glucose metabolism occurred soon after the procedure,
when significant weight loss had not yet been achieved, suggesting the involvement of gut hormonal
mechanisms such as increased secretion of incretins that enhance insulin sensitivity [9–12]. The other
parameter that remained greater at 5 years compared with baseline despite weight recovery was HDL
cholesterol. In this case, it seems that a reduction in insulin resistance and systemic inflammation
favoured the production of large HDL particles which in turn improves cholesterol efflux [20].

In contrast, other parameters such as triglycerides, LDL cholesterol or systolic blood pressure
showed worsening between 2 and 5 years after surgery in poor WL responders in line with the
weight increase. For triglyceridaemia, the close relationship between triglyceride decrease and weight
reduction after surgery is well known [21]. As for LDL cholesterol, no significant differences were
found between good and poor WL responders. However, while LDL cholesterol levels at 2 and 5 years
post-surgery remained lower than those at baseline in good responders, LDL in poor responders rose
to levels similar to those at baseline from 2 to 5 years. These findings can be explained by the fact that
the poor responder group did not as frequently undergo the LRYGB technique and the malabsorptive
component seems to be the most significant factor in LDL cholesterol reduction following BS [22].
Finally, differences in total cholesterol were justified by the changes in LDL and HDL levels. While total
cholesterol dropped in good responders owing to a notable decrease in LDL, total cholesterol in poor
responders increased due to a rise in HDL cholesterol.

With regard to the clinical evolution of systolic and diastolic blood pressure, no differences were
found between study groups at either 2 or 5 years. Despite that, systolic blood pressure increased
after surgery in poor WL responders from 2 to 5 years, showing no significant differences with
baseline values at 5 years. These results are in line with epidemiological studies that had reported
a close relationship between weight loss and blood pressure reduction [23,24]. In a previous study
of 197 patients who underwent RYGB or SG, relapse of hypertension at 3 years was observed in
>20% of patients who had achieved apparent hypertension remission at 12 months [24]. The only
independent predictor of relapse was the greater use of preoperative antihypertensive medication.
This suggested a waning effect of BS on blood pressure control over time, although further high-quality
data regarding the mid- and long-term effects on hypertension remission are required. In this respect,
in the present study, diastolic blood pressure remained lower than baseline throughout follow-up,
suggesting that systolic blood pressure appears to be more sensitive to weight regain than diastolic
blood pressure [23]. The worsening of systolic blood pressure from 2 to 5 years in poor WL responders
would especially harm subjects over 50 years of age, since above this age systolic blood pressure would
be a greater predictor of cardiovascular events and in subjects <50 years old it would be diastolic blood
pressure [25].

When comorbidity remission rates were compared, results pointed in the same direction as those
obtained on analysing the evolution of metabolic parameters. Hence, no significant differences were
found between the remission rates of good and poor WL responders, except for hypercholesterolaemia.
Of note, hypertriglyceridaemia showed a greater tendency towards poor WL (p = 0.069), which concurs
with the differences observed in the change in triglyceride levels at 5 years. However, these results
contrast with those reported by Farias et al. [6] who compared good and poor responders after a 2-year
period post-LRYGB. Significant differences in remission rates of type 2 diabetes, hypertension and
hyperlipidaemia were found between good and poor responders. The distinct findings of both studies
can be attributed to a shorter follow-up period, differences in sample size, LRYGB as the only surgical
technique studied and a different proportion of poor responders.

Various predictors of weight change after BS were suggested in previous studies with variable
magnitudes of effects [26–28]. A negative correlation has been reported between EWL and age, tobacco
consumption, pre-operative BMI, female sex, diabetes and LSG, among others. In the present study,
the only pre-surgical parameters showing a significant association were age, pre-surgical weight loss
and baseline HDL cholesterol. These findings could be explained by the fact that ageing is associated
with a progressive decline in the quantity and quality of muscle tissue, the basal metabolic rate and
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energy requirements. These metabolic changes could influence the response to BS [26]. Regarding
pre-surgical weight loss, it seems reasonable to assume that patients who manage to lose more weight
before surgery will be more efficient in maintaining weight loss over time. Other studies also favour
this association [29,30]. On the other hand, HDL cholesterol has not been previously identified as a
predictive factor of WL. However, some studies demonstrated a significant association between both
moderate and vigorous physical activity and higher HDL concentration [31]. Hence, HDL could be
interpreted as an exercise marker, thereby indicating that subjects with higher HDL concentrations and
thus physically more active had a clear trend towards greater weight loss patterns. The differences
between this study and others in identifying predictive factors could partially be explained by
differences in baseline characteristics or how weight loss was defined (as a continuous variable or used
as a cut-off point to define poor WL).

The present study had some limitations. There was a lack of follow-up of around 40%, which may
have influenced the final results since the sample of patients used could not have been representative
of the initial patient cohort. Nevertheless, the loss of a follow-up rate was similar to that of other
studies with a 5-year follow-up conducted in other countries with a National Health Service such
as ours. Unfortunately, no other factors that may have contributed to a poor WL, such as physical
activity, eating behaviour, quality of life or interpersonal support were taken into account. Moreover,
other comorbidities such as obstructive sleep apnea were not studied.

5. Conclusions

One out of 5 patients undergoing BS will fail to achieve and maintain an optimal WL 5 years after
surgery. Despite what may be expected, these patients obtain and preserve clinical benefits, such as
improvement in glucose and lipid metabolism, comparable to those achieved by good WL. In view of
these data, it could reasonably be argued that in some patients BS, despite achieving slight weight loss,
continues to provide other major metabolic benefits. These findings support the idea of changing the
concept of bariatric surgery to metabolic surgery.
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Abstract: The accumulation of adipose tissue represents one of the characteristics of obesity,
increasing the risk of developing correlated obesity diseases such as cardiovascular disease,
type 2 diabetes, cancer, and immune diseases. Visceral adipose tissue accumulation leads to chronic low
inflammation inducing an imbalanced adipokine secretion. Among these adipokines, Adiponectin is
an important metabolic and inflammatory mediator. It is also known that adipose tissue is influenced
by Orexin-A levels, a neuropeptide produced in the lateral hypothalamus. Adiponectin and Orexin-A
are strongly decreased in obesity and are associated with metabolic and inflammatory pathways.
The aim of this review was to investigate the involvement of the autonomic nervous system focusing on
Adiponectin and Orexin-A after bariatric surgery. After bariatric surgery, Adiponectin and Orexin-A
levels are strongly increased independently of weight loss showing that hormone increases are also
attributable to a rearrangement of metabolic and inflammatory mediators. The restriction of food
intake and malabsorption are not sufficient to clarify the clinical effects of bariatric surgery suggesting
the involvement of neuro-hormonal feedback loops and also of mediators such as Adiponectin
and Orexin-A.

Keywords: obesity; adipose tissue; adiponectin; central nervous system; Orexin-A; bariatric surgery

1. Introduction

Obesity is characterized by an altered metabolic and inflammatory profile leading to various
metabolic, inflammatory, and immune diseases [1]. The accumulation of visceral adipose tissue is a
principal characteristic of obesity. It accumulates in the abdominal area of the body and is dangerous for
health. Indeed, the endocrine function of adipose tissue is strongly influenced by the presence of visceral
adipose tissue. As reported by Xin et al., 2020, in obesity, adipocytes are dysfunctional with an excessive
secretion of multiple pro-inflammatory adipokines, contributing to a chronic inflammatory reaction
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and promoting the progression of metabolic and cardiovascular complications [2]. It is well known that
white adipocytes of visceral fat are particularly active in the release of adipokines. Although adipocytes
secrete a large variety of bioactive molecules with widespread systemic effects contributing to
numerous physiological and pathological processes, the autocrine and paracrine actions of these
molecules are highly complex, and our understanding of these processes is likely rudimentary [3].
The complexity of obesity consists of adipose tissue recognized as an endocrine organ producing
adipokines, the active protein with pleiotropic functions in the regulation of energy metabolism,
insulin sensitivity, inflammation, atherosclerosis, and proliferation. Among these, Adiponectin is the
most abundant product of white adipose tissue (WAT). It is produced in various oligomers of different
molecular weight and it is negatively correlated with obesity [4].

During obesity development there is also an involvement of the sympathetic system. The central
nervous system, through the production of hypotalamic mediators, acts on adipose tissue (AT)
regulating its function, both physiologically and patho-physiologically. In particular, through the
production of Orexin-A, a hypothalamic peptide, the central nervous system increases the sympathetic
stimulation of WAT and thereby increasing lipolysis [5–7]. Bariatric surgery is necessary when there is
severe obesity and this technique is able to induce an improvement or resolution of many obese related
conditions and to improve quality of life, inducing weight loss and a rearrangement of metabolic
and hormone pathways. From data in the literature, it is clear that bariatric surgery is capable not
only of acting from a mechanical-anatomical point of view, reducing the size of the stomach and
therefore the intake of food, but also improving some metabolic parameters such as the production
of adipocytokines and hypothalamic peptides. There is a strong metabolic interconnection between
the central nervous system, the digestive system and adipose tissue. In light of this evidence, in this
review, the functional metabolic changes in the sympathetic and para-sympathetic nervous systems
through the production of Adiponectin and Orexin-A induced by bariatric surgery are elucidate.

2. Adipose Tissue: General Characteristics

AT is an endocrine organ, composed of adipocytes and pervaded by many innate and adaptative
immune cells [8–10]. In obesity, the excessive expansion of AT mass induces the recruitment of numerous
immune cells leading to an imbalance in adipokine production. AT exerts its metabolic function through
the production of adipokines, among these is Adiponectin [11–13]. Literature data demonstrated
that obesity strongly correlates to immune and autoimmune disease development [11]. The immune
system monitors and responds to specific metabolic cues in both pathologic and non-pathologic
settings. The immune system continuously communicates with AT. These systems influence each other.
In addition, it is well known that the immune system is influenced by environmental changes as well
as nutritional factors [11,12]. Imbalanced nutrition strongly influences the function and development
of the immune system, depressing it and/or reducing immune competence. As previously reported,
AT is pervaded by immune system cells leading to an alteration of pro-inflammatory cytokines such as
leptin, TNF-α, L-6, IL8 and anti-inflammatory cytokines such as Adiponectin and IL-10 [11–15].

3. Adiponectin: General Characteristics

Adiponectin is an abundant adipokine produced by AT, representing about 0.1% of total serum
proteins. This adipokine is present as oligomers of different molecular weight: low molecular weight
(LMW), medium molecular weight (MMW) and high molecular weight (HMW) that are the most
biologically active [8]. Adiponectin has pleiotropic functions on different target tissues through
the presence of its receptors: AdipoR1, AdipoR2 and T-cadherin. The main metabolic functions of
Adiponectin are exerted on the liver, muscle, and AT; in fact, the metabolites of Adiponectin affect glucose
homeostasis and the metabolism of fatty acids through a primary action at the level of muscles and the
liver [9]. It increases insulin sensitivity and reduces hepatic neoglucogenesis, increases glucose uptake
by adipocytes and myocytes, increasing the oxidation of free fatty acids in muscles and preventing the
increase of free fatty acids and triglycerides as a result of a high fat diet. Numerous studies, both in vitro
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and in vivo, have also characterized the anti-inflammatory, anti-atherogenic and anti-angiogenic
effects of this protein. The anti-inflammatory effects of Adiponectin include the suppression of
pro-inflammatory cytokine production, such as TNF-α and IL-6, C-reactive protein and growth factors,
and the modulation of the expression of the anti-inflammatory cytokine IL-10 in monocytes and
macrophages. On the contrary, TNF-α and other inflammatory markers (IL-6, C-reactive protein,
SAA, tPA, MCP-1) and glucocorticoids suppress and regulate Adiponectin production [10] (Figure 1).
The anti-atherogenic effects include the modulation of the inflammatory response inhibiting monocyte
adhesion and macrophage polarization. In addition, Adiponectin is able to inhibit endothelial cell
proliferation and promote apoptosis with a consequent antitumor effect [1]. On the contrary, in cases of
vascular damage, Adiponectin regulates the endothelial response to damage by suppressing apoptosis
acting on the regulation of proliferation and differentiation of osteoblasts. This adipokine has a
pleiotropic function, it is not only a metabolic mediator, but also an inflammatory and immune
mediator [11]. As regards its metabolic effects, Adiponectin is involved in glucose and lipid metabolism.
It is involved in glucose homeostasis and in the metabolism of fatty acids through a primary action in
muscles and the liver by means of AMPK phosphorilation [12]. Furthermore, Adiponectin increases
insulin sensitivity and glucose uptake increasing GLUT-4 translocation by adipocytes and myocytes.
In the muscle, it increases the oxidation of free fatty acids and prevents the increase of free fatty acids
and triglycerides as a result of a high fat diet [12]. Many data in the literature report that Adiponectin
negatively correlates with anthropometric parameters such as body mass index (BMI) and body weight,
and also with metabolic parameters such as glycemia, total cholesterol, and LDL cholesterol. On the
contrary, it is positively correlated with HDL-cholesterol [13]. In addition, several studies report
that Adiponectin serum levels are strongly decreased in obese subjects compared to healthy subjects;
however, Adiponectin serum levels negatively correlate with the risk of developing obesity related
diseases [14] (Figure 1A).

 

Figure 1. The principal beneficial effects of Adiponectin (panel (A)) and of Orexin-A (panel (B)).

4. Orexin-A: General Characteristics

The lateral hypothalamus produces an important neuropeptide; Orexin-A (hypocretin-1) [16].
It plays an important role in peripheral energy balance, suggesting the involvement of central
nervous system (CNS) mechanisms, and coordinates sleep-wakefulness and food-seeking, especially in
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the physiological state of fasting stress [17]. Orexin-A exerts its functions by binding its receptors,
Orexin-1 receptor (Ox1) and Orexin-2 receptor (Ox2), two G-protein coupled receptors [18–20].
The Orexin system is involved in physiological and pathophysiological processes [21–23] (Figure 1B).
Many metabolic molecules influence Orexin-A activity; in particular, glucose, leptin, and amino acids
and also some environmental factors increase Orexin-A levels during the waking phase of the circadian
cycles and fasting or periods of caloric restriction. This neuropeptide is able to regulate physiological and
behavioral processes impacting on energy balance and metabolic status, physical activity, blood glucose
levels, and food intake [20–22]. Overall, it is well known that Orexin-A is involved in the regulation
of insulin sensitivity, energy expenditure and metabolic rate. In addition, it regulates immune
processes and inflammatory response, in particular, it has an anti-inflammatory action [21,24,25].
Orexin-A exerts its metabolic effects acting on MAPK pathways, through PGC-1α. Data in the literature
report that PGC-1α is able to act on neuronal metabolism involving the orexinergic system [20].
It is involved in metabolic pathways and also in different pathologies such as obesity, diabetes,
and chronic neurodegenerative diseases [20]. In vitro studies report that Orexin-A, through PGC-1α,
activates HIF-1a that may be a link between Orexin and cellular metabolic signaling pathways
relevant to obesity [22]. In addition, it is well known that Orexin-A regulates various physiological
functions activating phospholipase C/protein kinase C and AC/cAMP/PKA pathways [5,26]. In addition,
this neuropeptide exerts its metabolic functions on energy metabolism regulating feeding behavior and
energy expenditure [26–29]. Orexin-A directly acts on AT inducing lipolysis, independently of food
intake. As reported by Perez-Leighton et al., the injection of Orexin-A into the lateral thalamus of SD
rats for 10 consecutive days reduced diet-induced obesity without affecting food intake [30] (Figure 1B).
Previous studies demonstrated that Orexin-A reduces adipogenesis in human intra-abdominal, but not
subcutaneous, adipocytes [31,32].

Orexin-A is involved in inflammatory responses as an anti-inflammatory mediator [15]. In obesity,
Orexin-A serum levels are strongly reduced and inversely correlate with BMI and with pro-inflammatory
mediators such as C-reactive protein and TNF-a. On the contrary, Orexin-A levels positively correlate
with Adiponectin serum levels and HDL-cholesterol [33].

5. Bariatric Surgery: Why Is It Done and Who Is It for?

The prevalence of overweight and obese people is increasing globally. Recently, many young
people (20–30 years old) have been reported to be overweight or obese. Being overweight and obesity
are associated with an increased risk of morbidity and mortality [34].

Bariatric surgery is a valid strategy for weight loss. Gastric bypass and other weight loss surgeries
are characteristics of bariatric surgery. It is used when diet and physical activity are insufficient for
weight loss and/or various serious health problems have caused excessive weight.

The current indications for bariatric surgery refer to the severity of obesity and the potential
reversibility of the clinical conditions. The evaluation of BMI is considered a marker for the indication
for surgery. In particular, this surgery is performed in subjects with a BMI > 40 kg/m2, in the absence
of any other comorbidities and with BMI > 35 kg/m2 with obesity-associated comorbidities [35–37].

Bariatric surgery consists of some procedures limiting food intake and other procedures reducing
the body’s ability to absorb nutrients. Malabsorptive bariatric procedures divert the flow of bile and
pancreatic enzymes from food and therefore limit the digestion and absorption of nutrients, resulting in
reduced calorie intake and subsequent weight loss. Essential micronutrients such as vitamins and trace
elements are also absorbed to a lesser extent, potentially leading to severe side effects [35]. In addition,
various bariatric surgery techniques use both procedures. Among these, gastric bypass is a reversible
technique, decreasing the amount of food intake and also the absorption of nutrients. The most
common performed bariatric surgery worldwide is sleeve gastrectomy as reported by Angrisani et al.,
2014 [38]. This procedure consists of removing about 80% of the stomach, leaving a long, tube-like
pouch. Generally, sleeve gastrectomy induces notable weight loss, because it reduces stomach size
and limits food intake. It also produces less of the appetite-regulating hormone ghrelin, which may

98



J. Clin. Med. 2020, 9, 3327

lessen the desire to eat. In addition, ghrelin reduction is induced by both gastric bypass and sleeve
gastrectomy [39]. In addition, an adjustable gastric band (AGB) is another surgery technique. It has
advantages including significant weight loss. It is an inflatable silicone device placed around the top
portion of the stomach to treat obesity, intended to decrease food consumption [38]. Another procedure
is a biliopancreatic diversion with duodenal switch (BPD/DS). It is a complex procedure that tackles
weight loss in three different ways. First, a sleeve gastrectomy is performed. For this, a large portion of
the stomach is removed with a stapling instrument, leaving a narrow tube, or sleeve, from the top
to near the bottom of the stomach. The second part of the procedure reroutes food away from the
upper part of the small intestine, which is the natural path of digestion. This cuts back on how many
calories and nutrients the body is able to absorb. The small intestine is divided and a connection is
made near the end of the small intestine. The third part of the BPD/DS procedure changes the normal
way that bile and digestive juices break down food. This cuts back on how many calories are absorbed,
causing still more weight loss. One end of the small intestine is connected to the duodenum, near the
bottom of the stomach [40]. Bariatric surgery has many beneficial effects, but it has many serious risks
and side effects [41]. Moreover, after bariatric surgery, a lifestyle change is necessary through healthy
diet and regular physical activity making the beneficial effects of bariatric surgery last longer [36].
Among the beneficial effects of bariatric surgery is knowing that it increases weight loss and reduces
the risk of obesity and its associated diseases. In addition, before bariatric surgery, obese subjects
are put on a healthy diet with physical activity to induce weight loss. This surgical intervention is
carried out on subjects with severe obesity. The current indications for bariatric surgery state that
the surgery is necessary when there is severe obesity and the potential reversibility of the clinical
conditions. Classically, starting from the Consensus Conference of the American National Institute
of Health (1991), BMI is considered to be decisive, but it must be kept in mind that it has important
limits; not being in able to highlight the distribution and breakdown of lipid accumulation in the form
of somatic or visceral fat, a key factor in determining the metabolic syndrome; and also the different
distribution of fat in relation to age, sex and race. For this reason, BMI is considered an important
benchmark, but not the only one for establishing the indication for surgery. At the same time, BMI,
also considered in its historical dimension as the maximum value reached by the patient, makes it
possible to give indications for bariatric surgery. Finally, BMI is evaluated, together with metabolic,
functional and psychological parameters, always in an overall balance between risks and benefits,
in patients with a BMI > 40 kg/m2, in the absence of any other comorbidities; or with a BMI > 35 kg/m2,
in the presence of comorbidities among those classically considered to be associated with obesity,
including type 2 diabetes mellitus (T2DM) resistant to medical treatment [36,37].

As reported by Chang et al., bariatric surgery has substantial and sustained effects on weight
and significantly ameliorates obesity-attributable comorbidities in the majority of bariatric surgery
patients [35]. The reoperation rate of an adjustable gastric band is higher than that of gastric bypass
and sleeve gastrectomy, and the weight loss outcomes of an adjustable gastric band are less substantial
than sleeve gastrectomy or gastric bypass [41]. Bariatric surgery is able to induce an improvement
or resolution of many obese related conditions and to improve quality of life, also inducing a
rearrangement of metabolic and hormone pathways [42]. As reported by Zsombok, there is an
improvement in metabolic profile and the remission of type 2 diabetes after bariatric surgery well
before weight loss [38]. The author reported that bariatric surgery could alter the neural communication
between the gastrointestinal system and the brain, interfering with the autonomic output to the visceral
organs, including the liver. In addition, incretins, among these is glucagon-like peptide 1 (GLP-1),
are able to influence the central nervous system. Data in the literature reported that the level of GLP-1
is significantly increased after bariatric surgery and could have a key anti-diabetic effect, regardless of
weight loss [42]. Moreover, bariatric surgery, the central nervous system and AT influence each other
through the production of neuropeptide such as Orexin-A and adipocytokines such as Adiponectin, as
suggested by several studies [6].
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6. Effects of Bariatric Surgery on Adiponectin and Orexin-A

It is well known that the beneficial effects of bariatric surgery have shifted from the contribution
of simple gastric diversion and restriction to an energetic pursuit of the contribution of gastrointestinal
hormones, secretions, and the microbiome [43]. There is an involvement of sympathetic and
parasympathetic nervous systems in bariatric surgery. Several studies reported that the automatic
nervous system and parasympathetic tone are involved in the regulation of inflammation. In addition,
it is associated with hypothalamus-pituitary-adrenal axis (HPA) function, glucose regulation and
autoimmune disorders through the production of many mediators, among which is Orexin-A [44].
The main effects of bariatric surgery on the nervous system are attributable to the vagus nerve that
is involved during bariatric surgery. Geronikolou et al. reported that bariatric surgery has a greater
effect on both branches of the cardiac automatic nervous system, making it more beneficial for severe
cardiovascular patients. Furthermore, bariatric surgery has positive effects on insulin resistance by
decreasing it. Moreover, this intervention is able to increase vagal tone, improving cardiac function.
Heinonen et al. reported that gastric banding and/or gastric bypass are effective for weight loss,
but among the beneficial effects of bariatric surgery there are many other factors such as neurohormonal
feedback loops. Data in the literature report that peptide hormones such as Adiponectin, orexins,
and leptin might play a part in this regulation [44,45].

Heinonen et al. reported that in the stomach and intestine enterochromaffin-like cells display
Orexin immunoreactivity. Kirchgessner and Liu reported that Orexins play a role in the gastric
and intestinal phase of secretion [46]. In addition, many literature data report the role of Orexin-A
and B in appetite control [47,48]. Furthermore, it is known that Orexin inhibited responses to CCK
suggesting its role in modulating gut-to-brain signaling. Several studies report that Orexin-A levels
are influenced by bariatric surgery independent of weight loss. As reported by Gupta et al., in the
acute post-operative phase (after 1 day) and prior to any weight loss, some subjects demonstrate an
increase in Orexin while others have decreased plasma Orexin levels. This raises the question as
to what factors regulate these acute changes in Orexin during the acute post-operative phase [49].
On the contrary, Federico et al. reported that Orexin-A serum levels were comparable in obese patients
before and after bariatric surgery [50]. Moreover, Cigdem et al. showed that laparoscopic gastric band
application resulted not only in significant weight loss but also in decreased Orexin-A serum levels [51].
Amin et al. demonstrated a rise in Orexin and a decrease in leptin in a cohort of obese subjects affected
by obstructive sleep apnea, after bariatric surgery, showing that metabolic changes were also occurring
in the same time span and thus it was plausible that physiologic rather than anatomic changes may
underlie the clinically significant improvement in obstructive sleep apnea as early as 11 days following
bariatric surgery [52]. The regulation of Orexin and the involvement of the nervous system both
depend on mechanical factors but also on chemical mediators and hormones that are in circulation after
the intervention. It is also reported that bariatric surgery has an impact on AT. Sams et al. reported
that bariatric surgery has numerous beneficial effects on glucose homeostasis through the regulation
and modulation of insulin sensitivity. The inflammatory mechanism of insulin resistance involves an
early phase of improved insulin sensitivity and a late phase of decreased inflammatory mediators.
The authors reported that gastric bypass induces a rearrangement of gastrointestinal anatomy and an
amelioration in glucose homeostasis [53,54]. Regarding the rearrangement of gastrointestinal anatomy,
bariatric surgery induces significant changes in gut hormone production that contribute to ameliorate
general health [51]. It is well known that obesity induces not only an alteration of many metabolic
mediators alerting glucose and lipid profiles, but also induces an imbalance in the expression of pro-
and anti-inflammatory adipokines such as Adiponectin. As reported by Salman et al. bariatric surgery
induces a significant increase in serum Adiponectin levels and a significant decline in serum levels of
leptin, resisitin, and pre-B cell enhancing factor/Nampt/visfatin, confirming the role of this technique
in hormonal rearrangement [55].

Moreover, recent studies have reported that bariatric surgery is associated with a reduction
in specific adipokines including leptin, chemerin, and PAI-1, whereas Adiponectin is raised;
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adaptations that could be indicative of improved fat mass and function [56,57]. After bariatric
surgery, obese subjects have an increase in Adiponectin serum levels. This increase is associated not
only with weight loss, but also with a decrease of inflammation reducing insulin resistance (Table 1
and Figure 2).

Table 1. The main effects of bariatric surgery on adipose tissue and the central nervous system.

Bariatric Surgery

Adipose Tissue Central Nervous System

Increased Adiponectin Increased Orexin-A
Decreased Leptin Increased Vagal Tone
Decreased Insulin Resistance Orexin-A Controls Appetite

 

Figure 2. Adiponectin and Orexin-A levels are increased after bariatric surgery independently of
weight loss showing the involvement of neuro-hormonal feedback loops.

7. Conclusions

Adiponectin and Orexin-A are both involved in obesity and its correlated diseases. These proteins
are strongly reduced in obese patients. Both Adiponectin and Orexin-A have beneficial metabolic
effects, increasing glucose uptake and insulin sensitivity; on the other hand, they are anti-inflammatory
mediators. After bariatric surgery, Adiponectin and Orexin-A levels are increased and this is
attributable not only to weight loss, but also to a rearrangement of metabolic and inflammatory
mediators. The restriction of food intake or a combination of a restriction and malabsorption induced
by bariatric surgery are, however, not sufficient to explain the profound clinical effects of bariatric
surgery, suggesting the involvement of neuro-hormonal feedback loops and also of mediators such as
Adiponectin and Orexin-A. Further studies are needed to clarify the molecular mechanism underlying
this regulation.

Author Contributions: Conceptualization A.V., G.M. and R.P.; writing-original draft preparation A.V., N.T., A.A.,
D.T. and R.P.; writing review and editing A.M., F.S., A.C. and V.M.; visualization M.M., G.C. and G.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

101



J. Clin. Med. 2020, 9, 3327

Acknowledgments: The authors thank the Scientific Bureau of the University of Catania for language support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nigro, E.; Scudiero, O.; Monaco, M.L.; Palmieri, A.; Mazzarella, G.; Costagliola, C.; Bianco, A.; Daniele, A.
New Insight into Acrp30 Role in Obesity and Obesity-Related Diseases. BioMed Res. Int. 2014, 2014, 658913.
[CrossRef] [PubMed]

2. Xin, S.; Daoquan, P. Adipokines as novel biomarkers of cardio-metabolic disorders. Clin. Chim. Acta 2020,
507, 31–38.

3. Richard, A.J.; White, U.; Elks, C.M.; Stephens, J.M. Adipose Tissue: Physiology to Metabolic Dysfunction; Endotext.
MDText.com, Inc.: South Dartmouth, MA, USA, 2020.

4. Messina, A.; Monda, M.; Valenzano, A.; Messina, G.; Villano, I.; Moscatelli, F.; Cibelli, G.; Marsala, G.;
Polito, R.; Ruberto, M.; et al. Functional Changes Induced by Orexin A and Adiponectinon the
Sympathetic/Parasympathetic Balance. Front. Physiol. 2018, 9, 259. [CrossRef] [PubMed]

5. Liu, L.; Wang, Q.; Liu, A.; Lan, X.; Huang, Y.; Zhao, Z.; Jie, H.; Chen, J.; Zhao, Y.-J. Physiological Implications
of Orexins/Hypocretins on Energy Metabolism and Adipose Tissue Development. ACS Omega 2020, 5,
547–555. [CrossRef]

6. Sams, V.G.; Blackledge, C.; Wijayatunga, N.; Barlow, P.; Mancini, M.; Mancini, G.; Moustaid-Moussa, N.
Effect of bariatric surgery on systemic and adipose tissue inflammation. Surg. Endosc. 2016, 30, 3499–3504.
[CrossRef]

7. Colquitt, J.L.; Pickett, K.; Loveman, E.; Frampton, G. Surgery for weight loss in adults. Cochrane Database
Syst. Rev. 2014, 8, CD003641. [CrossRef]

8. Kadowaki, T.; Yamauchi, T. Acrp30 and Acrp30 receptors. Endocr. Rev. 2005, 26, 439–451. [CrossRef]
9. Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.; Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.;

Tsunoda, M.; et al. Cloning of Acrp30 receptors that mediate antidiabetic metabolic effects. Nature 2003, 423,
762–769. [CrossRef]

10. Di Gregorio, P.A.; Lu, G.B.; Rassuoli, N.; Ranganathan, G. Acrp30 expression from human adipose tissue:
Relation to obesity, insulin resistance, and tumor necrosis factor-alpha expression. Diabetes 2003, 52, 1779–1785.

11. Pecoraro, A.; Nigro, E.; Polito, R.; Monaco, M.L.; Scudiero, O.; Mormile, I.; Marcelli, A.C.; Capasso, M.;
Habetswallner, F.; Genovese, A.; et al. Total and High Molecular Weight Acrp30 Expression Is Decreased in
Patients with Common Variable Immunodeficiency: Correlation with Ig Replacement Therapy. Front. Immunol.
2017, 8, 895. [CrossRef]

12. De Rosa, A.; Monaco, M.L.; Capasso, M.; Forestieri, P.; Pilone, V.; Nardelli, C.; Buono, P.; Daniele, A. Acrp30
oligomers as potential indicators of adipose tissue improvement in obese subjects. Eur. J. Endocrinol. 2013,
169, 37–43. [CrossRef] [PubMed]

13. Lacedonia, D.; Nigro, E.; Matera, M.G.; Scudiero, O.; Monaco, M.L.; Polito, R.; Carpagnano, G.E.;
Barbaro, M.P.F.; Mazzarella, G.; Bianco, A.; et al. Evaluation of Acrp30 profile in Italian patients affected by
obstructive sleep apnea syndrome. Pulm. Pharmacol. Ther. 2016, 40, 104–108. [CrossRef] [PubMed]

14. Corbi, G.; Polito, R.; Monaco, M.L.; Cacciatore, F.; Scioli, M.; Ferrara, N.; Daniele, A.; Nigro, E.
Adiponectin Expression and Genotypes in Italian People with Severe Obesity Undergone a Hypocaloric Diet
and Physical Exercise Program. Nutrients 2019, 11, 2195. [CrossRef] [PubMed]

15. Polito, R.; Nigro, E.; Messina, A.; Monaco, M.L.; Monda, V.; Scudiero, O.; Cibelli, G.; Valenzano, A.;
Picciocchi, E.; Zammit, C.; et al. Adiponectin and Orexin-A as a Potential Immunity Link between Adipose
Tissue and Central Nervous System. Front. Physiol. 2018, 9, 982. [CrossRef]

16. Kotz, C.M.; Teske, J.A.; Levine, J.A.; Wang, C. Feeding and activity induced by Orexin A in the lateral
hypothalamus in rats. Regul. Pept. 2002, 104, 27–32. [CrossRef]

17. Kotz, C.M.; Wang, C.; Teske, J.A.; Thorpe, A.; Novak, C.; Kiwaki, K.; Levine, J. Orexin A mediation of time
spent moving in rats: Neural mechanisms. Neuroscience 2006, 142, 29–36. [CrossRef]

18. Boss, C.; Roch, C. Recent trends in Orexin research—2010 to 2015. Bioorg. Med. Chem. Lett. 2015, 25,
2875–2887. [CrossRef]

102



J. Clin. Med. 2020, 9, 3327

19. Salerno, M.; Villano, I.; Nicolosi, D.; Longhitano, L.; Loreto, C.; Lovino, A.; Sessa, F.; Polito, A.N.;
Monda, V.; Chieffi, S.; et al. Modafinil and Orexin system: Interactions and medico-legal considerations.
Front. Biosci. Landmark. 2019, 24, 564–575. [CrossRef]

20. Inutsuka, A.; Yamanaka, A. The physiological role of Orexin/hypocretin neurons in the regulation of
sleep/wakefulness and neuroendocrine functions. Front. Endocrinol. 2013, 4, 18. [CrossRef]

21. Chieffi, S.; Carotenuto, M.; Monda, V.; Valenzano, A.; Villano, I.; Precenzano, F.; Tafuri, D.; Salerno, M.;
Filippi, N.; Nuccio, F.; et al. Orexin system: The key for a healthy life. Front. Neurol. 2017, 8, 357. [CrossRef]

22. Milasta, S.; Evans, N.A.; Ormiston, L.; Wilson, S.; Lefkowitz, R.J.; Milligan, G. The sustainability of interactions
between the Orexin-1 receptor and b-arrestin-2 is defined by a single C-terminal cluster of hydroxy amino
acids and modulates the kinetics of ERK MAPK regulation. Biochem. J. 2005, 387, 573–584. [CrossRef]
[PubMed]

23. Messina, A.; Bitetti, I.; Precenzano, F.; Iacono, D.; Messina, G.; Roccella, M.; Parisi, L.; Salerno, M.;
Valenzano, A.; Maltese, A.; et al. Non-rapid eye movement sleep paras- omnias and migraine: A role of
Orexinergic projections. Front. Neurol. 2018, 9, 95. [CrossRef] [PubMed]

24. Messina, G.; Dalia, C.; Tafuri, D.; Monda, V.; Palmieri, F.; Dato, A.; Russo, A.; De Blasio, S.; Messina, G.;
De Luca, V.; et al. Orexin-A controls sympathetic activity and eating behavior. Front. Psychol. 2014, 5, 997.
[CrossRef] [PubMed]

25. Messina, A.; De Fusco, C.; Monda, V.; Esposito, M.; Moscatelli, F.; Valenzano, A.; Carotenuto, M.; Viggiano, E.;
Chieffi, S.; De Luca, V.; et al. Role of the Orexin system on the hypothalamus-pituitary-thyroid axis.
Front. Neural Circuits 2016, 10, 66. [CrossRef] [PubMed]

26. Monda, M.; Viggiano, A.; Viggiano, A.; Viggiano, E.; Messina, G.; Tafuri, D.; De Luca, V. Sympathetic and
hyperthermic reactions by Orexin A: Role of cerebral catecholaminergic neurons. Regul. Pept. 2007, 139,
39–44. [CrossRef] [PubMed]

27. Messina, G.; Monda, V.; Moscatelli, F.; Valenzano, A.A.; Monda, G.; Esposito, T.; De Blasio, S.; Messina, A.;
Tafuri, D.; Barillari, M.R.; et al. Role of Orexin system in obesity. Biol. Med. 2015, 7, 4. [CrossRef]

28. Monda, V.; Salerno, M.; Sessa, F.; Bernardini, R.; Valenzano, A.; Marsala, G.; Zammit, C.; Avola, R.;
Carotenuto, M.; Messina, G.; et al. Functional Changes of Orexinergic Reaction to Psychoactive Substances.
Mol. Neurobiol. 2018, 55, 6362–6368. [CrossRef] [PubMed]

29. Santacroce, R.; Santoro, R.; Sessa, F.; Iannaccaro, P.; Sarno, M.; Longo, V.; Gallone, A.; Vecchione, G.; Muleo, G.;
Margaglione, M. Screening of mutations of hemophilia A in 40 Italian patients: A novel G-to-A mutation in
intron 10 of the F8 gene as a putative cause of mild hemophilia a in southern Italy. Blood Coagul. Fibrinolysis
2008, 19, 197–202. [CrossRef] [PubMed]

30. Perez-Leighton, C.E.; Boland, K.; Teske, J.A.; Billington, C.; Kotz, C.M. Behavioral responses to Orexin,
Orexin receptor gene expression, and spontaneous physical activity contribute to individual sensitivity to
obesity. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E865–E874. [CrossRef] [PubMed]

31. Digby, J.E.; Chen, J.; Tang, J.Y.; Lehnert, H.; Matthews, R.N.; Randeva, H.S. Orexin receptor expression
inhuman adipose tissue: Effects of Orexin-A and Orexin-B.J. Endocrinology 2006, 191, 129–136. [CrossRef]
[PubMed]

32. Valenzano, A.; Polito, R.; Trimigno, V.; Di Palma, A.; Moscatelli, F.; Corso, G.; Sessa, F.; Salerno, M.;
Montana, A.; Di Nunno, N.; et al. Effects of Very Low Calorie Ketogenic Diet on the Orexinergic System,
Visceral Adipose Tissue, and ROS Production. Antioxidants 2019, 13, 643. [CrossRef] [PubMed]

33. Odgen, C.L.; Carroll, M.D.; Kit, B.K.; Flegal, K.M. Prevalence of obesity among adults: United States,
2011–2012. NCHS Data Brief 2013, 131, 1–8.

34. Buchwald, H.; Estok, R.; Fahrbach, K.; Banel, D.; Jensen, M.D.; Pories, W.J.; Bantle, J.P.; Sledge, I. Weightand
type 2 diabetes after bariatric surgery: Systematic review and meta-analysis. Am. J. Med. 2009, 122, 248–256.
[CrossRef]

35. Chang, S.H.; Stoll, C.R.; Song, J.; Varela, J.E.; Eagon, C.J.; Colditz, G.A. The effectiveness and risks of bariatric
surgery: An updated systematic review and meta-analysis, 2003–2012. JAMA Surg. 2014, 149, 275–287.
[CrossRef] [PubMed]

36. Zsombok, A. Automic control and bariatric procedures. Review 2013, 177, 81–86.

103



J. Clin. Med. 2020, 9, 3327

37. Foschi, D.; de Luca, M.; Sarro, G.; Bernante, P.; Zappa, M.A.; Moroni, R.; Navarra, G.; Foletto, M.; Ceriani, V.;
Piazza, L.; et al. Linea Guida di Chirurgia Dell’obesita-Linee Guida Di Buona Pratica Clinica Nella Selezione,
Nella Preparazione, Nel Trattamento Perioperatorio e a Lungo Termine Del Paziente Obeso Sottoposto a Chirurgia
Bariatrica; Edizione: Treviso, Italy, 2016.

38. Angrisani, L.; Santonicola, A.; Iovino, P.; Vitiello, A.; Zundel, N.; Buchwald, H.; Scopinaro, N. Bariatric surgery
and endoluminal procedures: IFSO Worldwide Survery 2014. Obes. Surg. 2017, 27, 2279–2289. [CrossRef]

39. Svane, M.S.; Bojsen-Møller, K.N.; Martinussen, C.; van Hall, G.; Holst, J.J.; Madsbad, S. Postprandial Nutrient
Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy.
Orig. Res. Full Rep. Clin. Aliment. Tract 2019, 156, 1627–1641. [CrossRef]

40. Saverio, F.; Elghadban, H.; Parodi, C.; Pagliardi, F.; Weiss, A. BPD and BPD-DS Concerns and Results.
In Advanced Bariatric and Metabolic Surgery; IntechOpen: London, UK, 2012. [CrossRef]

41. Poirier, P.; Cornier, M.A.; Mazzone, T.; Stiles, S.; Cummings, S.; Klein, S.; McCullough, P.A.; Fielding, C.R.;
Franklin, B.A. American Heart Association Obesity Committee of the Council on Nutrition, Physical Activity,
and Metabolism. Bariatricsurgery and cardiovascular risk factors: A scientific statement from the
AmericanHeart Association. Circulation 2011, 123, 1683–1701. [CrossRef]

42. O’Brien, P.E.; McPhail, T.; Chaston, T.B.; Dixon, J.B. Systematic review ofmedium-term weight loss after
bariatric operations. Obes. Surg. 2006, 16, 1032–1040. [CrossRef]

43. Ganjavi, H.; Shapiro, C.M. Hypocretin/Orexin: A molecular link betweensleep, energy regulation,
and pleasure. J. Neuropsychiatry Clin. Neurosci. 2007, 19, 413–419. [CrossRef]

44. Heinonen, M.V.; Purhonen, A.K.; Miettinen, P.; Pääkkönen, M.; Pirinen, E.; Alhava, E.; Akerman, K.;
Herzig, K.H. Apelin, Orexin-A and leptin plasma levels in morbid obesity and effect of gastric banding.
Regul. Pept. 2005, 130, 7–13. [CrossRef] [PubMed]

45. Kirchgessner, A.L.; Liu, M. Orexin synthesis and response in the gut. Neuron 1999, 24, 941–951. [CrossRef]
46. Edwards, C.M.; Abusnana, S.; Sunter, D.; Murphy, K.G.; Ghatei, M.A.; Bloom, S.R. The effect of the Orexins

on food intake: Comparison with neuropeptide Y, melanin-concentrating hormone and galanin. J. Endocrinol.
1999, 160, R7–R12. [CrossRef] [PubMed]

47. Burdyga, G.; Lal, S.; Spiller, D.; Jiang, W.; Thompson, D.; Attwood, S.; Saeed, S.; Grundy, D.; Varro, A.;
Dimaline, R.; et al. Localization of Orexin-1 receptors to vagal afferent neurons in the rat and humans.
Gastroenterology 2003, 124, 129–139. [CrossRef] [PubMed]

48. Gupta, A.; Miegueu, P.; Lapointe, M.; Poirier, P.; Martin, J.; Bastien, M.; Tiwari, S.; Cianflone, K.
Acute Post-Bariatric Surgery Increase in Orexin Levels Associates with Preferential Lipid Profile Improvement.
PLoS ONE 2014, 9, e84803. [CrossRef] [PubMed]

49. Luo, N.; Liu, J.; Chung, B.H.; Yang, Q.; Klein, R.L.; Garvey, W.T.; Fu, Y. Macrophage Adiponectinexpression
improves insulin sensitivity and protects against inflammation and atherosclerosis. Diabetes 2010, 59, 791–799.
[CrossRef]

50. Federico, A.; Dallio, M.; Tolone, S.; Gravina, A.G.; Patrone, V.; Romano, M.; Tuccillo, C.; Mozzillo, A.L.;
Amoroso, V.; Misso, G.; et al. Gastrointestinal Hormones, Intestinal Microbiota and Metabolic Homeostasis
in Obese Patients: Effect of Bariatric Surgery. In Vivo 2016, 30, 21–30.

51. Cigdem, A.P.; Kocael, A.; Tabak, O.; Taskin, M.; Zengin, K.; Uzun, H. Plasma ghrelin, leptin, and Orexin-A
levels and insulin resistance after laparoscopic gastric band applications in morbidly obese patients.
Minerva Med. 2013, 104, 309–316.

52. Amin, R.; Simakajornboon, N.; Szczesniak, R.; Inge, T. Early improvement in obstructive sleep apnea and
increase in Orexin levels after bariatric surgery in adolescents and young adults. Surg. Obes. Relat. Dis. 2017,
13, 95–100. [CrossRef]

53. Rubino, F.; Schauer, P.R.; Lee, K.M.; Cummings, D.E. Metabolic surgery to treat type 2 diabetes:
Clinical outcomes and mecha- nisms of action. Annu. Rev. Med. 2010, 61, 393–411. [CrossRef] [PubMed]

54. Pournaras, D.J.; Aasheim, E.T.; Bueter, M.; Ahmed, A.R.; Welbourn, R.; Olbers, T.; le Roux, C.W. Effect of
bypassing the proximal gut on gut hormones involved with gly-cemic control and weight loss. Surg. Obes.
Relat. Dis. 2012, 8, 371–374. [CrossRef] [PubMed]

55. Salman, A.A.; Sultan, A.A.E.A.; Abdallah, A.; Abdelsalam, A.; Mikhail, H.M.S.; Tourky, M. Effect of
weight loss induced by laparoscopic sleeve gastrectomy on liver histology and serum adipokine levels.
J. Gastroenterol. Hepatol. 2020, 35, 1769–1773. [CrossRef]

104



J. Clin. Med. 2020, 9, 3327

56. Askarpour, M.; Alizadeh, S.; Hadi, A.; Symonds, M.E.; Miraghajani, M.; Sheikhi, A.; Ghaedi, E. Effect of
Bariatric Surgery on the Circulating Level of Adiponectin, Chemerin, Plasminogen Activator Inhibitor-1,
Leptin, Resistin, and Visfatin: A Systematic Review and Meta-Analysis. Horm. Metab. Res. 2020, 52, 207–215.
[CrossRef] [PubMed]

57. Cavaliere, G.; Viggiano, E.; Trinchese, G.; De Filippo, C.; Messina, A.; Monda, V.; Valenzano, A.; Cincione, R.I.;
Zammit, C.; Cimmino, F.; et al. Long feeding high-fat diet induces hypothalamic oxidative stress and
inflammation, and prolonged hypothalamic AMPK activation in rat animal model. Front. Physiol. 2018,
9, 818. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

105





Journal of

Clinical Medicine

Article

Variables Associated with Short-Term Weight Loss in
a Cohort of Patients with Morbid Obesity According
to Age and Three Types of Bariatric Surgery

Maria D. Alvarez-Bermudez 1,2,†, Flores Martin-Reyes 3,4,†, Luis Ocaña-Wilhelmi 5,6,

Francisco J. Moreno-Ruiz 5,7, Juan Alcaide Torres 2,3, Diego Fernandez-Garcia 1,2,

Sergio Valdes 3,8,9, Noelia Moreno-Morales 10, Eduardo Garcia-Fuentes 3,4,*,

Francisco J. Tinahones 1,2,3,11,* and Lourdes Garrido-Sanchez 1,2,3

1 CIBER Fisiopatología Obesidad y Nutrición (CIBERObn), Instituto Salud Carlos III, Km., 228220 Madrid,
Spain; mar17alv@gmail.com (M.D.A.-B.); diegofernandezgarcia@hotmail.com (D.F.-G.);
lourdes.garrido@ibima.eu (L.G.-S.)

2 Unidad de Gestión Clínica de Endocrinología y Nutrición, Hospital Universitario Virgen de la Victoria,
29010 Málaga, Spain; juan.alcaidetorres@gmail.com

3 Instituto de Investigación Biomédica de Málaga-IBIMA, 29010 Málaga, Spain;
floresmarey@hotmail.com (F.M.-R.); sergio.valdes@hotmail.es (S.V.)

4 Unidad de Gestión Clínica de Aparato Digestivo, Hospital Universitario Virgen de la Victoria,
29010 Málaga, Spain

5 Departamento de Especialidades Quirúrgicas, Bioquímica e Inmunología, Universidad de Málaga,
29010 Málaga, Spain; luisowilhelmi@hotmail.com (L.O.-W.); javier.morenoruiz@gmail.com (F.J.M.-R.)

6 Unidad de Gestión Clínica de Cirugía General, Digestiva y Trasplantes, Hospital Universitario Virgen de la
Victoria, 29010 Malaga, Spain

7 Unidad de Gestión Clínica de Cirugía General, Digestiva y Trasplantes, Hospital Regional Universitario,
29010 Málaga, Spain

8 CIBER Diabetes y Enfermedades Metabolicas Asociadas (CIBERDEM), Instituto Salud Carlos III, Km.
228220, Madrid, Spain

9 Unidad de Gestión Clínica de Endocrinología y Nutrición, Hospital Regional Universitario,
29010 Málaga, Spain

10 Departamento Fisioterapia. Facultad Ciencias de la Salud, Universidad de Malaga, 29010 Malaga, Spain;
nmm@uma.es

11 Departamento de Medicina y Dermatología, Universidad de Málaga, 29010 Málaga, Spain
* Correspondence: edugf1@gmail.com (E.G.-F.); fjtinahones@uma.es (F.J.T.)
† These authors contributed equally to this work.

Received: 21 October 2020; Accepted: 29 October 2020; Published: 2 November 2020

Abstract: Background The percentage of excess weight lost (%EWL) after bariatric surgery (BS)
shows great discrepancies from one individual to another. Objective To evaluate the %EWL one
year after BS and to determine the existence of baseline biomarkers associated with weight loss.
Methods We studied 329 patients with morbid obesity undergoing three types of BS (biliopancreatic
diversion (BPD), Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG)), depending on
the %EWL one year after surgery: good responders (GR) (%EWL ≥ 50%) and non-responders (NR)
(%EWL < 50%). Results The GR presented a higher percentage of change in anthropometric and
biochemical variables compared to the NR group, even within each type of BS. There was a greater
percentage of GR among those who underwent RYGB. The patients who underwent SG showed the
lowest decrease in biochemical variables, both in GR and NR. Within the GR group, those with a lower
age showed greater improvement compared to the other age groups. A %EWL ≥50% was negatively
associated with the age and atherogenic index of plasma (AIP), and positively with the type of BS
(RYGB). Conclusions The GR group was associated with lower age and AIP and undergoing RYGB.
Additionally, those patients who underwent SG showed a lower metabolic improvement.

J. Clin. Med. 2020, 9, 3537; doi:10.3390/jcm9113537 www.mdpi.com/journal/jcm

107



J. Clin. Med. 2020, 9, 3537

Keywords: morbid obesity; bariatric surgery; excess weight loss

1. Introduction

Obesity and related comorbidities are health problems worldwide. In 2016, about 13% of the
world’s adult population was shown to be obese [1]. Bariatric surgery (BS) is a therapeutic approach
to obesity and its comorbidities, and results in huge benefits in comparison with pharmacological
actions [2]. It has been demonstrated that weight loss due to surgery was greater than other conservative
therapy effects, and produced better glucose control than medical therapy did [3]. That reduction
reaches its maximum between 6 months and 3 years post-surgery [2–4].

Several studies suggest that weight loss is an important contributor to the health outcomes
associated with BS [5]. It was considered favourable to lose at least 50% of excess weight after
surgery [6]. However, the weight reduction after BS shows great discrepancies from one individual
to another [7], with a minority of patients (5–20%) who do not achieve successful long-term weight
loss [7]. Considering post-operative weight loss and subsequent recovery, a classification that stratifies
the patients into good responders and non-responders was established [8].

Several studies have compared the percentage of excess weight loss (%EWL) between different
types of BS [9] or even different techniques of the same type of surgery [10], while others have analyzed
several preoperative predictors with discordant results [11,12]. However, the surgery response,
even performed with the same technique, is variable among different subjects. This fact could be
explained due to metabolic differences before undergoing BS which can be reflected in anthropometric
measurements or baseline serum markers [13]. Therefore, these biomarkers may be able to predict the
weight loss response rate. However, it is unclear which factors are associated with the amount of excess
weight loss after BS [14,15]. A more profound study of pre-surgical factors that are able to predict
treatment success would be very useful in clinical practice in order to select the best candidates for each
intervention. Some preoperative factors are a predictor of weight loss after Roux-en-Y gastric bypass
(RYGB), such as body mass index (BMI) and waist circumference, and age [16]. There is evidence that
increased age is associated with a lower %EWL [17]. However, other studies suggest that for patients
older than 50 and 60 years, age does not influence the outcome after BS [18].

According to this background, the aim of this retrospective observational study was the evaluation
of the response regarding weight loss in the short term (1 year after BS) on all patients with morbid
obesity who underwent different BS techniques, as well as to determine the existence of baseline
biomarker associated to weight loss.

2. Experimental Section

2.1. Subjects of Study

Patients with morbid obesity (BMI > 40 kg/m2) in our retrospective observational study were
selected among the 582 subjects that underwent BS at the Virgen de la Victoria University Hospital and
at the Regional University Hospital of Malaga between 2008–2017 and consented to participate in the
study. From those, only those patients that attended at baseline and at the follow-up one year after BS,
and with data in all the variables analyzed were included (n = 329). There are no significant differences
in biochemical and anthropometric variables and comorbidities between patients included and not
included in this study (data not shown). Three types of surgical techniques (sleeve gastrectomy (SG),
biliopancreatic diversion (BPD) and RYGB) were performed. The surgical technique used depended
on the multidisciplinary team that followed the patient. RYGB and SG were performed at the Regional
University Hospital, and BPD and SG were performed at the Virgen de la Victoria University Hospital.
The characteristics of these techniques have been shown in previous studies [19,20]. RYGB consists of
a small longitudinal gastric pouch (20 mL) created along the lesser curvature that is totally separated
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from the main stomach. The jejunum is divided 40 cm distal to the ligament of Treitz and advanced
in an antecolic/antegastric position to create a 125 cm Roux-en-Y limb, which is anastomosed to the
gastric pouch [20]. BPD consists of a distal gastrectomy with a long Roux-en-Y reconstruction with
the enteroenteric anastomosis performed 50 cm proximal to the ileocecal valve and the gastroenteric
anastomosis performed 250 cm proximal to the ileocecal valve, with 200 mL of gastric volume [19].
SG is a technique that involves a longitudinal section parallel to the gastric lesser curvature supervised
by the Fouche probe. The vascularization of the stomach is not compromised as the arterial supply of
the celiac trunk remains intact [19]. The SG technique was similar in these two hospitals. The study was
conducted in accordance with the guidelines laid down in the Declaration of Helsinki. All participants
gave their informed consent to participate in this study prior to BS, and the study was reviewed and
approved by the Ethics Committee of the Provincial Research of Malaga. The patients with morbid
obesity were evaluated at baseline (prior to BS) and were followed up one year after the intervention
by a multidisciplinary team (surgeons, endocrinologists and researchers), during which different
anthropometric and biochemical data were prospectively collected. When the patients gave their
consent, they were also informed that the data to be collected would be used for studies other than
this one.

2.2. Clinical and Anthropometric Variables

Data were prospectively collected prior to BS and at 12 months in the postsurgical period.
Anthropometric variables, both before BS and one year after, were measured in all the patients with
morbid obesity included in the study. These included measurements of weight, height, waist and hip
circumferences, and blood pressure. BMI was calculated as weight in kilograms divided by height in
square metres. The %EWL was based on the excess weight compared to the weight corresponding to a
BMI of 25 kg/m2 for each patient.

2.3. Assessment of Weight Change

We assessed %EWL as 100× (preoperative weight—weight at the time of evaluation)/(preoperative
weight—weight corresponding to BMI = 25 Kg/m2) [21]. The different patterns of weight loss were
defined based on the EWL Reinhold criteria. Weight loss was considered insufficient when %EWL<50%
in analogy with the Reinhold criteria [22]. The Reinhold criteria were modified by Christou et al. [23].
The patients with %EWL >50% of the weight at the beginning and throughout follow-up were
considered as good responders (GR). On the other hand, patients with %EWL <50% of the weight at
the beginning and up to the follow-up were considered as non-responders (NR).

2.4. Biochemical Variables

Blood samples were collected after a 12-h fast. The serum was separated and immediately frozen at
−80 ◦C [19]. Serum glucose, cholesterol, triglycerides and HDL were analysed using an Advia Chemistry
XPT autoanalyzer (Siemens Healthcare Diagnostics). Coefficients of variation for glucose, cholesterol,
triglycerides and HDL were 1.8%, 2.5%, 3.9% and 4.5% respectively. The LDL was calculated from the
Friedewald equation. Serum insulin levels were measured by immunoassay using an ADVIA Centaur
autoanalyzer (Siemens Healthcare Diagnostics). Insulin resistance was calculated by the following
formula: HOMA-IR = fasting insulin (μIU/mL) × fasting glucose (mmol/L)/22.5. The determination of
leptin and adiponectin was performed by commercial enzyme-linked immunosorbent assay (ELISA)
(Mediagnost, Germany, BLK Diagnostics, Spain, respectively). C-reactive protein (CRP) was performed
by commercial ELISA (DRG Instruments GmbH, Marburg, Germany). Atherogenic index of plasma
(AIP) was calculated as log (triglycerides/HDL) [24]. Total cholesterol/HDL cholesterol (TC/HDL) and
triglycerides/HDL cholesterol (TG/HDL) index were also calculated [25]. The percentages of change
(Δ) of the different anthropometric and biochemical variables at one year after BS were calculated
using the following formula: (baseline variable—one-year variable) × 100/baseline variable [19].
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Alterations in hydrocarbon metabolism were defined according to the criteria proposed by the
American Diabetes Association (ADA) [26]. Type 2 diabetes mellitus (T2DM) was defined as two fasting
plasma glucose values >125 mg/dl or glycated haemoglobin ≥6.5% or treatment with non-insulin
hypoglycaemic agents or insulin. Criteria for hypertension diagnosis were current treatment with
antihypertensive agents and/or systolic blood pressure >140 mmHg and/or diastolic blood pressure
>90 mmHg [27]. Hypercholesterolemia was defined as total cholesterol >200 mg/dl or the use of
cholesterol-lowering drugs [28].

2.5. Statistical Analysis

The statistical analysis was performed with SPSS (Windows 15.0; SPSS, Chicago, IL, USA). Data
were expressed as mean± standard deviation for continuous variables and as percentages for categorical
variables. Student’s t-test was performed to assess differences between two means. The differences in
the variables within the same group, before and after BS, were compared with the Student’s t-test for
paired samples. Comparison between the results of the different groups was made with the one-way
ANOVA and the post hoc analysis with the Bonferroni test. A Chi-square test was used to evaluate the
degree of association between categorical variables. Pearson correlation coefficients were calculated to
estimate the lineal associations between variables. The strength of association between variables was
analysed by multivariate logistic regression models controlled for potential confounders such as age,
sex, BMI at baseline, among others. Values were considered to be statistically significant when p ≤ 0.05.

3. Results

We followed 329 patients with morbid obesity during the first year after BS. Table 1 shows the
characteristic of patients included in this study according to the type of BS. Patients underwent BPD
were slightly more obese (higher weight (p = 0.001), BMI (p = 0.001), and waist (p = 0.045) and hip
circumferences (p = 0.018)), and those underwent SG had lower glucose levels (p = 0.004). Patients
lost the same total weight regardless of the type of BS (BPD: 44.2 ± 15.5 kg; RYGB: 48.4 ± 16.8 kg; SG:
44.8 ± 17.7 kg; p = 0.230). However, there was a lower percentage of total weight-loss (Δ-Weight) after
BPD (29.7 ± 8.9%) than after RYGB (35.2 ± 8.1%) and SG (32.6 ± 9.3%) (p = 0.002).

Table 1. Characteristics of patients with morbid obesity at baseline classified according to the type of
bariatric surgery.

Pre-Surgery

BPD RYGB SG

N (%) 66 83 180
Sex (men/women) 24/42 20/63 59/121

Age (years) 42.9 ± 9.6 43.9 ± 9.4 44.1 ± 10.1
Weight (Kg) 147.4 ± 22.8 a 135.3 ± 23.7 b 135.1 ± 23.7 b

BMI (kg/m2) 53.8 ± 6.5 a 49.7 ± 8.0 b 50.2 ± 7.7 b

Waist (cm) 141.4 ± 16.7 a 135.8 ± 15.4 b 134.4 ± 13.4 b

Hip (cm) 152.6 ± 13.3 a 147.6 ± 17.2 b 146.1 ± 14.9 b

SBP (mmHg) 138.5 ± 20.9 137.9 ± 18.3 137.5 ± 19.1
DBP (mmHg) 84.9 ± 14.5 81.7 ± 12.5 83.0 ± 10.4

Glucose (mg/dL) 117.1 ± 40.6 a 119.8 ± 51.9 a 104.8 ± 49.9 b

Total cholesterol (mg/dL) 193.3 ± 44.9 197.8 ± 37.0 187.5 ± 33.7
Triglycerides (mg/dL) * 151.3 (101.2–208.0) 127.0 (99.0–184.0) 122.0 (77.1–145.5)

HDL (mg/dL) 44.6 ± 10.4 47.1 ± 11.5 44.4 ± 11.3
LDL (mg/dL) 119.9 ± 36.3 121.6 ± 31.6 109.8 ± 31.7

Insulin (μIU/mL) * 19.2 (16.2–24.3) 15.3 (13.2–21.9) 13.1 (11.1–20.4)
HOMA-IR * 5.03 (4.2–7.7) 4.01 (3.3–6.2) 3.6 (2.6–4.9)

Leptin (ng/mL) * 58.8 (52.3–84.6) 62.3 (49.0–81.5) 41.9 (33.4–57.4)
Adiponectin (μg/mL) 8.8 ± 4.5 7.9 ± 3.8 8.2 ± 3.5

CRP (mg/L) * 5.3 (3.9–9.3) 9.7 (7.8–16.4) 3.3 (1.5–8.1)
TG/HDL * 3.7 (1.9–5.6) 2.7 (2.1–3.5) 2.1 (1.7–3.2)
TC/HDL 4.3 ± 1.2 4.3 ± 1.1 4.3 ± 1.2

AIP 0.46 ± 0.26 0.45 ± 0.27 0.47 ± 0.27
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Table 1. Cont.

Pre-Surgery

BPD RYGB SG

Comorbilities
%Patients with T2DM (n) 39.4 (26) 44.6 (37) 32.7 (59)

%Patients with hypertension (n) 74.3 (49) 82.0 (68) 72.7 (131)
%Patients with hypercholesterolemia (n) 47.0 (31) 67.5 (56) 41.7 (75)

The results are given as the mean ± SD. * These results are given as median (interquartile range). BMI: Body mass
index. SBP: Systolic blood pressure; DBP: Diastolic blood pressure; HOMA-IR: homeostasis model assessment of
insulin resistance index. CRP: C-reactive protein. TG: triglycerides; TC: total cholesterol. AIP: atherogenic index
of plasma. Different letters show significant differences between the means of the three types of bariatric surgery:
p < 0.05.

The characteristics of patients classified according to the %EWL are presented in Table 2.
Those patients with %EWL <50% presented a higher age (p = 0.031), baseline BMI (p = 0.005)
and hip circumference (p = 0.037) than those with %EWL ≥50%. There was a decrease in the percentage
of comorbidities after BS, both in the group of patients with %EWL <50% and with %EWL ≥50%
(Table 2). However, these changes were more significant in those with %EWL ≥50%.

Table 2. Characteristics of patients with morbid obesity at baseline and one year after bariatric surgery,
classified according to the percentage of excess weight loss (%EWL).

Pre-Surgery Post-Surgery

%EWL <50% %EWL ≥50% %EWL <50% %EWL ≥50%

N (%) 64 (19.4%) 265 (80.6%) 64 (19.4%) 265 (80.6%)
Sex (men/women) 18/46 85/180

Age (years) 46.6 ± 10.2 43.9 ±9.7 1

Weight (Kg) 142.2 ± 24.9 137.1 ± 23.7 111.9 ± 17.6 ‡ 87.9 ± 14.1 2,‡
BMI (kg/m2) 53.4 ± 8.6 50.1 ± 7.4 1 42.0 ± 5.8 ‡ 32.1 ± 4.5 2,‡
Waist (cm) 140.9 ± 14.3 136.6 ± 15.8 120.0 ± 12.5 ‡ 102.4 ± 12.2 2,‡
Hip (cm) 152.5 ± 14.5 147.1 ± 15.4 1 132.1 ± 12.1 ‡ 113.5 ± 12.8 2,‡

SBP (mmHg) 142.8 ± 19.9 137.8 ± 18.6 131.6 ± 19.6 ‡ 127.9 ± 20.4 ‡
DBP (mmHg) 84.5 ± 10.7 82.7 ± 11.9 81.4 ± 13.0 ‡ 76.7 ± 12.3 1,‡

Glucose (mg/dL) 115.3 ± 34.1 110.7 ± 41.9 91.6 ± 12.2 ‡ 83.9 ± 15.5 2,‡
Total cholesterol (mg/dL) 196.7 ± 39.1 188.1 ± 36.7 182.3 ± 50.6 173.7 ± 38.2 ‡
Triglycerides (mg/dL) * 183.0 (123.2–234.5) 122.1 (92.9–168.0) 147.0 (106.5–168.0) † 82.0 (60.5–114.0) 2,‡

HDL (mg/dL) 44.9 ± 10.9 45.5 ± 11.3 50.7 ± 15.5 † 53.7 ± 13.3 ‡
LDL (mg/dL) 120.8 ± 34.0 113.9 ± 32.2 108.8 ± 40.0 103.5 ± 32.8 ‡

Insulin (μIU/mL) * 15.3 (13.4–20.6) 17.1 (12.9–23.6) 9.1 (7.4–11.4) ‡ 7.5 (5.2–9.1) 2,‡
HOMA-IR * 4.3 (3.5–5.5) 4.4 (3.3–6.7) 2.1 (1.5–2.4) ‡ 1.5 (1.1–1.9) 2,‡

Leptin (ng/mL) * 78.4 (45.8–88.1) 58.2 (43.7–75.0) 25.4 (15.1–39.2) ‡ 12.0 (8.8–16.0) 2,‡
Adiponectin (μg/mL) 9.1 ± 4.0 7.9 ± 4.1 11.1 ± 5.3 13.8 ± 6.7 ‡

CRP (mg/L) * 7.5 (5.7–11.7) 8.1 (3.9–11.4) 0.3 (0.2–1.7) † 0.7 (0.3–2.3) ‡
TG/HDL * 4.0 (2.7–5.9) 2.6 (1.9–3.6) 3.1 (2.9–4.0) ‡ 1.6 (1.0–2.4) 2,‡
TC/HDL 4.6 ± 1.2 4.3 ± 1.1 3.7 ± 1.1 ‡ 3.3 ± 0.9 1,‡

AIP 0.50 ± 0.26 0.45 ± 0.27 0.36 ± 0.25 ‡ 0.19 ± 0.21 2,‡
Comorbilities

%Patients with T2DM (n) 45.3 (29) 35.4 (94) 3.2 (2) † 0.8 (2) ‡
%Patients with hypertension (n) 82.8 (53) 73.5 (195) 60.9 (39) † 49.1 (130) ‡

%Patients with
hypercholesterolemia (n) 56.2 (36) 48.3 (128) 39.0 (25) † 28.3 (75) ‡

The results are given as the mean ± SD. * These results are given as median (interquartile range). BMI: Body mass
index. SBP: Systolic blood pressure; DBP: Diastolic blood pressure; HOMA-IR: homeostasis model assessment of
insulin resistance index. CRP: C-reactive protein. TG: triglycerides; TC: total cholesterol. AIP: atherogenic index of
plasma. Significant differences between patients with morbid obesity with %EWL < 50 and those with %EWL ≥50%,
both baseline and one year after bariatric surgery: 1 p < 0.05; 2 p < 0.001. Significant differences in patients with
morbid obesity between before and after bariatric surgery, both in those with %EWL <50% and in those with %EWL
≥ 50%: † p < 0.05; ‡ p < 0.001.

3.1. Association Between %EWL and the Variables Studied

The next step was to analyse the linear association between %EWL and anthropometric and
biochemical variables through correlation analysis. There was a significant linear association between
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%EWL and age (r = −0.302, p < 0.001), weight (r = 0.280, p < 0.001), BMI (r = 0.259, p < 0.001), waist
(r = 0.215, p < 0.001) and hip circumference (r = 0.287, p < 0.001) and AIP (r = −0.211, p < 0.001).
No other significant associations were found (data not shown).

The variables associated with a %EWL ≥50% in a logistic regression model were the age, AIP
and the type of BS (RYGB) (Table 3). This regression was adjusted for sex, BMI, HOMA-IR, CRP and
hypertension (yes/no), which are related to the metabolic alterations most frequently associated with
the presence and development of obesity: insulin resistance (HOMA-IR) [29], inflammation (CRP) [30]
and hypertension [31].

Table 3. Variables associated with a %EWL ≥50% (%EWL <50% (0) and %EWL ≥50% (1)) obtained
from a logistic regression model.

B Coefficient p OR (95% Confidence Interval)

Sex (women = 0/men = 1) −0.462 0.449 0.630 0.191–2.081
Age −0.066 0.050 0.936 0.876–0.999
BMI −0.001 0.977 0.999 0.913–1.092

Hypertension (yes = 0/no = 1) −0.673 0.416 0.510 0.101–2.579
AIP −3.188 0.019 0.041 0.003–0.591

Type of surgery 0.045
Type of surgery (SG) 0.958 0.196 2.607 0.610–11.147

Type of surgery (RYGB) 1.850 0.014 6.360 1.465–27.606
HOMA-IR 0.106 0.227 1.112 0.936–1.320

CRP −0.015 0.692 0.985 0.914–1.062

3.2. %EWL According to the Type of BS

One year after BS, 80.5% of patients reached %EWL ≥50%. When analysed according to the type of
BS, 86.7% of patients who underwent RYGB were GR. For SG, 82.2% were GR and of those undergoing
BPD, 68.2% were GR. There was a greater percentage of patients who underwent RYGB who reached
%EWL ≥50% compared to the other types of BS (p = 0.012).

Table 4 shows the characteristics of patients classified according to %EWL and the surgical
technique used. A worse metabolic profile was found in those patients with %EWL <50%, both within
BPD and SG groups. Within RYGB, we did not find significant differences.

3.3. %EWL and Comorbidities According the Type of BS

We analysed whether there were significant differences in these comorbidities within each type
of BS, according to %EWL (Table 4). Within the SG group, we found a higher percentage of patients
with T2DM (p = 0.034) and hypertension (p = 0.017) in the group of patients with %EWL <50%.
No significant differences were observed within the BPD and RYGB groups.

3.4. %EWL According to Sex

Regarding sex, there were no significant differences in the percentage of women and men between
the group of patients with %EWL ≥50% or with %EWL <50%.

3.5. %EWL According to Age

When the age was classified in quartiles (≤37 years, >37 and ≤44 (37–44) years, >44 and ≤52
(45–52) years and >52 years), we did not find significant differences in the percentage of GR, although a
tendency was observed: the age ≤37 years group: 85.5%; the 37–44 years group: 82.7%; the 45–52 years
group: 78.7%; the >52 years group: 75.3%.

Subsequently, we analysed whether there were significant differences according to the %EWL
within each age group (Table 5). The main differences were within the 37–44 years group, with higher
levels in the group of patients with %EWL <50%.
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3.6. %EWL and Comorbidities According to Age

We also analysed whether there were significant differences in the comorbidities within each age
group according to %EWL (Table 5). No significant differences were observed in the group of patients
age ≤37 years and 45–52 years. Within the 37–44 years group, we observed a higher percentage of
patients with T2DM (p = 0.035) and hypercholesterolemia (p = 0.048) in the group of patients with
%EWL <50%. Finally, within the >52 years group, we observed a higher percentage of hypertensive
patients (p = 0.049) in the group of patients with %EWL <50%.

3.7. %EWL and Percentage Change (Δ) of Anthropometric and Biochemical Variables

We analysed the Δ-anthropometric and Δ-biochemical variables according to the %EWL.
Those patients with %EWL ≥ 50% presented a significant higher percentage of change compared to
the group with %EWL < 50% in Δ-weight (p < 0.001), Δ-IMC (p < 0.001), Δ-waist (p < 0.001), Δ-hip
(p < 0.001), Δ-triglycerides (p = 0.002), Δ-leptin (p < 0.001), Δ-HOMA-IR (p < 0.001), Δ-adiponectin
(p = 0.024) and Δ-TG/HDL index (p = 0.009). No other significant differences were found.

3.8. %EWL and Δ-Anthropometric and Δ-Biochemical Variables According to Type of BS

We also analysed the Δ-anthropometric and Δ-biochemical variables according to %EWL and type
of BS (Table 6). Higher Δ-anthropometric and Δ-biochemical variables were found in those patients
with %EWL ≥50% within the three types of BS.

Within the %EWL <50% group (Table 6), the patients underwent SG showed the lowest decrease
in glucose (p = 0.035) and CRP levels (p = 0.015), and the greatest increase in cholesterol (p < 0.001),
HDL (p = 0.017) and LDL (p < 0.001) levels. The patients underwent RYGB showed the lowest decrease
in waist circumference (p = 0.019).

Within the %EWL ≥50% group (Table 6), the patients underwent SG showed the lowest decrease
in glucose (p = 0.023) and TC/HDL (p = 0.006) levels, and the greatest increase in cholesterol (p < 0.001),
HDL (p < 0.001), LDL (p < 0.001) and adiponectin (p = 0.004) levels. The patients underwent BPD
showed the lowest decrease in weight (p = 0.042), BMI (p = 0.042), waist circumference (p = 0.045),
triglycerides (p < 0.001), TG/HDL (p < 0.001) and AIP (p = 0.038).

3.9. %EWL and Δ-Anthropometric and Δ-Biochemical Variables According to Age

We also analysed the Δ-anthropometric and Δ-biochemical variables according to %EWL and age
(Table 7). Higher Δ-anthropometric and Δ-biochemical variables were found in those patients with
%EWL ≥50% within the four groups of age.

Within the %EWL <50% group (Table 7), there was no age group that was clearly different
compared to the other groups.

Within the %EWL ≥50% group (Table 7), the ≤37 years group showed the greatest decreases
compared to the other groups (in weight (p < 0.001), BMI (p < 0.001), waist (p = 0.001) and hip
circumference (p = 0.002), systolic (p = 0.012) and diastolic blood pressure (p = 0.025) and HOMA-IR
(p = 0.035)). The >52 years group showed the greatest decrease in glucose (p = 0.016). The 45–52 years
group showed the greatest increase in adiponectin (p = 0.014).
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4. Discussion

The main finding of our study is that the main variables associated with a higher chance of a good
weight loss response were age and the type of BS (RYGB), with the weight loss and AIP improvement
being associated with each other; those patients with less age (≤37 years) are those that show a greater
improvement in the variables analysed, mainly in the group with %EWL ≥50%. Additionally, those
patients who underwent SG were those who showed a lower metabolic improvement (triglycerides,
insulin, HOMA-IR, leptin and CRP), mainly in the group with %EWL <50%.

We found that BS achieves successful results in most of the variables studied in the short term,
with an adequate percentage of post-surgery success 12 months after BS. Moreover, we observed
significant improvements both in the non-responders group and in the good responder group. However,
there are slight differences. The good responder group presents a greater improvement, and not only in
anthropometric variables. However, the effects of all types of BS are not equal [32]. We also found slight
differences between the effects of three types of BS. RYGP produced a higher %EWL than SG and, mainly,
BPD. However, these patients had worse anthropometric characteristics. This could be conditioning
that the %EWL was slightly lower in these patients. Other variables not considered in this study, such as
the metabolic state of adipose tissue, could affect %EWL. The worse anthropometric characteristics of
patients underwent BPD could alter the metabolism of adipose tissue: higher adipocyte hypertrophy
is closely associated with a metabolic dysregulation [33], which could be associated with the evolution
of these patients after BS [34]. On the other hand, and according to our results, there are studies
showing a similar %EWL with RYGB [13,23]. We found that the percentage of patients with morbid
obesity who do not achieve the desired weight loss depends on the type of surgery. Ma et al. [17]
found that 85% of the patients who underwent gastric bypass achieved ≥50% EWL [17]. With regard
to patients undergoing SG, and according to our results, other studies showed %EWL between 43
to 86% [35]. However, SG was the type of BS that produced the least improvement in the metabolic
profile, mainly in the group with %EWL < 50%. This agrees with previous studies in which techniques
with an important malabsorptive component were more effective than SG for weight outcomes and
improvement of obesity-related comorbidities [36].

In addition to the effect of the type of bariatric surgery on %EWL, we observed that the weight loss
is influenced by the age of the patient. Our study shows a tendency, with a higher %EWL in younger
patients, as in other studies [16–18]. Different studies suggested that patients older than 50 years
lost 40% less weight 2 years after BS than younger patients [18,37], with morbidity and mortality
rates higher in older patients [11,38]. In addition to the influence of age on %EWL, we also found
that there are differences between good responders and non-responders within each group of age.
In general, good responder patients have a better baseline biochemical and anthropometric profile
than those non-responders, mainly in the 37–44 years group. However, this better profile disappears
as age increases. We observed that patients with a lower age showed some predictive factors of a
%EWL ≥50%, mainly the group with 37–44 years; a better anthropometric (weight, BMI, waist and hip
circumference), glycaemic (glucose, insulin and HOMA-IR) and atherosclerotic (triglycerides, TG/HDL
index and AIP) profile. Overall, these patients have a better metabolic profile. These results suggest
that there is a group of young patients with morbid obesity with a better metabolic profile, who are
more favourable to adequate weight loss.

The last variable that we found to be associated with %EWL is AIP. It is a strong risk factor for
atherosclerosis and a predictive factor for emergency cardiovascular events [39]. This index significantly
improved after BS in all patients. Additionally, baseline AIP is lower in the group of BPD with %EWL
≥50%. As is known, and as we also found, BPD produces a significant improvement of the lipidic
profile, which is closely linked to cardiovascular risk. Immediate post-surgical results showed a greater
improvement in the lipid profile in patients who underwent BPD than in those who underwent SG [40].

We also found a significant decrease in the percentage of patients with T2DM, hypertension
and hypercholesterolemia after BS regardless of %EWL (Table 2). In addition to weight loss, other
metabolic factors related to surgical technique may determine the evolution of these comorbidities.
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There are numerous studies that support the results obtained in our study regarding weight reduction
and control of cardiovascular risk factors in the short term. Piché et al. showed a reduction in
comorbidities such as hypertension, T2DM and dyslipidemia [41]. Other studies found similar
results in patients who underwent RYGB and SG after a 17-month follow-up [42]. Although the
comorbidities decrease after BS, weight loss (%EWL <50% or ≥50%) in those patients undergoing BPD
and RYGB was not associated with a higher or lower pre-surgical presence of T2DM, hypertension
and hypercholesterolemia. However, a lower presence of T2DM and hypertension in those patients
undergoing SG was associated with a %EWL ≥50%. This suggests that baseline characteristics of
patients may be associated with weight loss [4].

The present study is not exempt from limitations. We only analysed a few variables that can
potentially influence the results that are measured. Additionally, although potential post-surgery
features that could be determinants of the final effects were not considered, it is a strength that all
patients followed homogeneous therapeutic recommendations after each type of BS. We also used
50% as a cut-off for the EWL, although other cut-offs could have been used. Studies for short- and
long-term weight-loss show different results. While some reviews show similar %EWL with SG and
RYGB at short and long-term [43], other reviews show better results with RYGB [44], with a greater
treatment failure after six years for SG [44]. Most of the studies demonstrated and maintained weight
loss through follow-up at five years and even for longer intervals (up to 11 years) [43]. However, a slow
weight gain between the second and third years of postsurgery follow-up is found, increasing up to
5 years postsurgery [45]. Although, based on previous reviews, our results could be generalized to
long-term weight loss, we cannot confirm this hypothesis without data. A long-term follow-up time
would be necessary to compare the different surgical techniques and to determine the true variables
associated with weight loss after BS, because many patients recover weight, as well as the associated
comorbidities after the first years [3,4]. Another limitation that should be mentioned is that two
hospitals contributed patients and shared only one surgery. However, this is performed with the same
technical characteristics, so it would hardly affect the results obtained.

In conclusion, we show that the relevant variables associated with a %EWL ≥50% after 12 months
of follow-up after BS were the type of surgery, mainly RYGB, and age, which is also associated with
AIP. Our study confirms that BS, and mainly RYGB, is an effective procedure to metabolically the
patients with morbid obesity, even in those non-responders. SG seems to be the one that showed a
lower metabolic improvement, mainly in the non-responders group. More extensive knowledge would
serve to predict the response to surgery.
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Abstract: Background: Amino acid metabolites (AAMs) have been linked to glucose homeostasis
and type 2 diabetes (T2D). We investigated whether (1) baseline AAMs predict T2D remission
12 months after bariatric surgery and (2) whether AAMs are superior for predicting T2D remission
postoperatively compared with existing prediction models. Methods: Among 24 participants
undergoing bariatric surgery, 16 diabetes-related AAMs were quantified at baseline and postoperative
3 and 12 months. Existing prediction models included the ABCD, DiaRem, and IMS models. Results:
Baseline L-dihydroxyphenylalanine (L-DOPA) (areas under receiver operating characteristic curves
(AUROC), 0.92; 95% confidence interval (CI), 0.75 to 1.00) and 3-hydroxyanthranilic acid (3-HAA)
(AUROC, 0.85; 95% CI, 0.67 to 1.00) better predicted T2D remission 12 months postoperatively than
the ABCD model (AUROC, 0.81; 95% CI, 0.54 to 1.00), which presented the highest AUROC value
among the three models. The superior prognostic performance of L-DOPA (AUROC at 3 months,
0.97; 95% CI, 0.91 to 1.00) and 3-HAA (AUROC at 3 months, 0.86; 95% CI, 0.63 to 1.00) continued
until 3 months postoperatively. Conclusions: The AAM profile predicts T2D remission after bariatric
surgery more effectively than the existing prediction models.

Keywords: bariatric surgery; metabolic surgery; diabetes; amino acid; metabolomics

1. Introduction

In recent years, it has become apparent that bariatric surgery not only promotes dramatic weight
loss, but also induces the improvement or remission of type 2 diabetes (T2D) [1,2]. Current clinical
guidelines recommend that bariatric surgery be considered to treat inadequately controlled T2D in
people with a body mass index (BMI) as low as 30 kg/m2 or as low as 27.5 kg/m2 in Asian patients [3,4].
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However, previous studies showed that 25% to 65% of T2D patients did not experience postoperative
T2D remission [1,2] and that over 20% of patients with T2D remission experienced T2D recurrence
during long-term follow-up [5,6]. Given that T2D remission or improvement is a major benefit
of bariatric surgery, the ability to preoperatively predict T2D prognosis is crucial for patients and
healthcare providers.

Interestingly, a number of studies have highlighted that the circulating concentrations of
branched-chain amino acids (BCAAs) and aromatic amino acids, including leucine, isoleucine,
valine, phenylalanine, tyrosine, and tryptophan, are closely correlated to insulin resistance and future
diabetes [7–10]. Tryptophan derivatives, especially those from the kynurenine pathway (KynP)
and serotonin pathway (SerP), are also highly associated with glucose homeostasis and energy
expenditure [11–14]. Metabolites from the tyrosine pathway (TyrP), such as L-dihydroxyphenylalanine
(L-DOPA) and dopamine, have been also suggested to contribute to the interplay between insulin
signaling and glucose homeostasis [15,16]. Nonetheless, whether these amino acid metabolites (AAMs)
mediate or predict the prognosis of T2D after bariatric surgery remains unclear.

The Korean Obesity Surgical Treatment Study (KOBESS) is based on a nationwide prospective
multicenter cohort, the results of which led to the coverage of bariatric surgery by the National
Health Insurance for the first time in Korea [17]. In this preplanned substudy of the KOBESS trial
conducted to elucidate the role of AAMs as potential predictors of T2D prognosis after bariatric surgery,
we investigated whether preoperative AAMs could predict T2D remission after bariatric surgery and
compared the prognostic performance of AAMs with that of existing prediction models.

2. Methods

2.1. Study Participants

This substudy included 24 individuals with type 2 diabetes who participated in the main
KOBESS trial (Supplemental Figure S1). The rationale and design of the KOBESS has been previously
reported [17]. It was a prospective, multicenter, single-arm, longitudinal study in which 100 patients
(including 54 patients with T2D) were enrolled to assess the effect of bariatric surgery on obese patients
in Korea. Patients who provided written informed consent were screened for study eligibility and
underwent physical and laboratory evaluations to confirm their eligibility (Institutional Review Board
approval number: 2019AN0294).

2.2. Surgical Procedures

Study participants selected surgical procedures among sleeve gastrectomy (SG) and Roux-en-Y
gastric bypass (RYGB) after being fully informed as to the strengths and weaknesses of both. For SG,
a sleeve was fashioned starting 4–6 cm proximal to the pylorus using serial applications of linear
staplers over a 36–40 Fr orogastric bougie. The last firing was 1–2 cm away from the angle of His.
For RYGB, a lesser curve-based gastric pouch (approximately 30 mL in volume) was created using
linear staplers. The length of the Roux and biliopancreatic limbs was 100 cm.

2.3. Management of Nutrition and Blood Glucose

After study enrollment, all patients were provided with American Diabetes Association dietary
and lifestyle recommendations to optimize their glucose control. A bariatric physician and registered
dietitian provided patient education and nutrition guidelines, including dietary principles such as
carbohydrate counting, advice to engage in regular aerobic exercise (if medically fit to do so according to
the physician providing their medical care), technical and interpretive skills of blood glucose monitoring,
and education about managing hypoglycemia. All patients started guideline-based micronutrient
supplementation after study enrollment and baseline assessment [18]. During the postoperative period,
patients received education about a protocol-derived staged meal progression. A protein intake of
50 g/day and up to 1.5 g/kg ideal body weight per day was recommended. All patients were followed
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up every 4 to 12 weeks via outpatient clinic visit to check on glucose control and ensure compliance
with the nutritional recommendations.

2.4. Measurements of Serum AAMs

Serum samples were collected before and at 3 and 12 months after bariatric surgery.
Preoperative sampling was performed before the patients started the calorie-restricted diet and
micronutrient supplementation. Patients fasted for 8 hours before the sampling. AAM profiling
was performed using liquid chromatography–mass spectrometry. We selected 16 diabetes-related
AAMs such as BCAAs (leucine, isoleucine, and valine), AAAs (phenylalanine, tyrosine,
and tryptophan), KynP metabolites (kynurenine, anthranilic acid (AA), 3-hydroxykynurenine (3-HK),
3-hydroxyanthranilic acid (3-HAA), kynurenic acid (KA), xanthurenic acid (XA)), SerP metabolites
(5-hydroxytryptophan (5-HTP), serotonin, 5-hydroxyindoleacetic acid (5-HIAA)), and TyrP metabolites
(L-dihydroxyphenylalanine (L-DOPA)) based on previous studies on AAMs and glucose homeostasis
or T2D (Supplemental Figure S2). The detailed protocol for measuring serum metabolites is presented
in Supplemental Tables S1 and S2.

2.5. Outcome Measures

We assessed whether serum AAMs could predict T2D remission 12 months after bariatric surgery.
T2D remission was defined as a normal glucose level (glycated hemoglobin< 6%, fasting plasma glucose
< 100 mg/dL) in the absence of antidiabetic medications at 12 months postoperatively. Non-remission
was defined when the criteria for remission were not met. In addition, the prognostic performances
of AAMs were compared with scores from the following three prediction models: the ABCD [19],
DiaRem [20], and IMS [21] models. Based on a systematic review of the relevant literature, we selected
the prediction models that (1) provided scores implying T2D prognosis after bariatric surgery and
(2) underwent external validation.

2.6. Statistical Analysis

Summary data are presented as percentages for categorical variables and as means with standard
deviations (SDs) for continuous variables. Patients’ characteristics were compared between the
remission and non-remission groups using the Student’s t-test or Mann–Whitney test for continuous
variables and the Pearson chi square test or Fisher’s exact test for categorical variables. Areas under
receiver operating characteristic curves (AUROCs) were calculated to analyze the performances of the
individual AAMs in predicting T2D remission at 12 months postoperatively. Based on the AUROC
values, we selected the superior prognostic metabolites, defined as AUROC ≥ 0.80. Statistical analyses
were performed using Stata12 (Stata Corp., College Station, TX, USA), and two-sided values of p < 0.05
were considered statistically significant.

3. Results

3.1. Patients’ Baseline Characteristics

The mean age of the study participants was 45.4 years (SD, 10.2 years), and 17 (70.8%) participants
were women (Table 1). Among the participants, 14 (58.3%) experienced T2D remission and 10 (41.7%)
did not experience T2D remission at 12 months postoperatively. Baseline BMIs were 39.6 kg/m2

(SD, 7.9 kg/m2) in the remission group and 33.9 kg/m2 (SD, 4.5 kg/m2) in the non-remission group,
respectively. Among the participants, 2 (14.3%) in the remission group and 3 (30.0%) in the non-remission
group used insulin for glycemic control preoperatively; 9 (64.3%) in the remission group and 5 (50.0%)
in the non-remission group received SG, and the rest of patients received RYGB. The remission and
non-remission groups were similar for all observed characteristics, except for age (remission group,
41.0 years (SD, 8.7 years); non-remission group, 54.8 years (SD, 8.0 years); p = 0.004) and T2D duration
(remission group, 2.2 years (SD, 1.4 years); non-remission group, 8.9 years (SD, 8.6 years); p = 0.009).
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Scores calculated by the three existing prediction models showed significant differences between
groups, indicating a higher probability of glycemic control in the remission group.

Table 1. Baseline characteristics.

Variables
Diabetes Status 1 Year after Bariatric Surgery

p Value
Remission (n = 14) Non-Remission (n = 10)

Age, y 41.0 ± 8.7 54.8 ± 8.0 0.004
Female sex, no. (%) 12 (85.7) 5 (50.0) 0.058

Body mass index, kg/m2 39.6 ± 7.9 33.9 ± 4.5 0.116
Body weight, kg 106.1 ± 31.2 89.7 ± 18.4 0.251

Waist circumference, cm 120.5 ± 19.9 112.1 ± 9.7 0.347
Waist-to-hip ratio 0.97 ± 0.05 1.03 ± 0.01 0.017

Duration of diabetes, y 2.2 ± 1.4 8.9 ± 8.6 0.009
Use of insulin, no. (%) 2 (14.3) 3 (30.0) 0.350

Current smoker, no. (%) 3 (21.4) 2 (20.0) 0.932
Hypertension, no. (%) 5 (35.7) 5 (50.0) 0.484
Dyslipidemia, no. (%) 9 (64.2) 6 (60.0) 0.831

Surgical methods
(RYGB/SG), no. (%) 5/9 (35.7/64.3) 5/5 (50.0/50.0) 0.484

ABCD score 6.2 ± 2.0 3.3 ± 2.7 0.015
DiaRem score 4.7 ± 5.4 12.0 ± 5.3 0.013

IMS score 39.3 ± 22.9 88.2 ± 30.6 0.001

Plus–minus values are mean ± standard deviation. Remission was defined as normal glucose level (glycated
hemoglobin < 6%, fasting plasma glucose < 100 mg/dL) in the absence of antidiabetic medications at 1 year
postoperatively. Non-remission was defined when the criteria for remission were not met. Body mass index is the
weight in kilograms divided by the square of the height in meters. Refer to the Methods section for details of the
ABCD, DiaRem, and IMS scores. Abbreviations: RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.

3.2. Patients’ Characteristics at 3 and 12 Months Postoperatively

While the levels of glycated hemoglobin and fasting plasma glucose (FPG) at 3 and 12 months
postoperatively were significantly different (p value for 3 months, <0.001 (glycated hemoglobin)
and <0.001 (FPG); p value for 12 months, <0.001 (glycated hemoglobin) and <0.001 (FPG)) between
the remission and non-remission groups, both groups were similar in terms of all other observed
characteristics at baseline and 3 and 12 months postoperatively (Table 2). The mean glycated hemoglobin
levels at baseline and 12 months postoperatively were 7.2% (SD, 2.0%) and 5.4% (SD, 0.2%) in the
remission group and 8.9% (SD, 1.1%) and 7.6% (SD, 1.0%) in the non-remission group, respectively.
Patients in the remission group presented 62.9% excess weight loss (EWL) (SD, 31.5%) and 90.6% EWL
(SD, 38.3%) at 3 and 12 months, respectively, while patients in the non-remission group presented
59.4% EWL (SD, 24.7%) and 68.8% EWL (SD, 32.4%) at 3 and 12 months, respectively. There were no
significant differences in blood pressure (systolic and diastolic), HDL cholesterol level, or triglyceride
level between the remission and non-remission groups at baseline and 3 and 12 months postoperatively.
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3.3. Prediction of T2D Remission after Bariatric Surgery

Levels of baseline AAMs were presented in Supplemental Table S3. No significant differences in
AAMs were identified with respect to hypertension and dyslipidemia. Based on the receiver operating
characteristic (ROC) curves of AAMs, L-DOPA (AUROC, 0.92; 95% CI, 0.75 to 1.00) and 3-HAA (AUROC,
0.85; 95% CI, 0.67 to 1.00) at baseline showed a superior performance in the prediction of T2D remission
12 months after bariatric surgery (Figure 1) (Supplemental Table S4). The ABCD model (AUROC,
0.81; 95% CI, 0.54 to 1.00) showed the highest AUROC among the three existing prediction models,
which was lower than those of L-DOPA and 3-HAA (Supplemental Table S5). Given that we found
significant differences in age and diabetes duration between the remission and non-remission groups
(Table 1), additional analyses were performed on the subgroups therein. The prognostic performance of
3-HAA and L-DOPA for T2D remission was represented by an AUROC ≥ 0.75 (Supplemental Table S6).

Figure 1. Prognostic performance of L-dihydroxyphenylalanine (L-DOPA), 3-hydroxyanthranilic acid
(3-HAA), and the ABCD prediction model. Using 16 diabetes-related amino acid metabolites,
receiver operating characteristic (ROC) curves were generated. Among the test serum metabolites,
L-DOPA and 3-HAA showed superior prognostic performances with the best discrimination ability in
the prediction of type 2 diabetes (T2D) remission 12 months after bariatric surgery. Figure (A,B) represent
the different prognostic outcomes of L-DOPA and 3-HAA, respectively. AUROC, area under receiver
operating characteristic curve.
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3.4. Postoperative Changes in L-DOPA and 3-HAA

Serum levels of L-DOPA and 3-HAA at 3 and 12 months were measured to characterize the
postoperative changes between groups (Figure 2) (Supplemental Table S7). The remission group showed
higher levels of L-DOPA (remission group, 0.042 μmol/L (SE, 0.004 μmol/L); non-remission group,
0.022μmol/L (SE, 0.002μmol/L); p= 0.014) and 3-HAA (remission group, 0.059μmol/L (SE, 0.006μmol/L);
non-remission group, 0.027 μmol/L (SE, 0.003 μmol/L); p = 0.005) at baseline. The statistical significance
of the higher baseline levels of L-DOPA and 3-HAA was sustained up to 3 months postoperatively
(p values for 3 months, 0.004 (L-DOPA) and 0.303 (3-HAA)). The superior prognostic performance of
baseline L-DOPA and 3-HAA in the prediction of T2D remission was also sustained up to 3 months
postoperatively (L-DOPA at 3 months (AUROC, 0.97; 95% CI, 0.91 to 1.00); 3-HAA at 3 months
(AUROC, 0.86; 95% CI, 0.63 to 1.00)) (Figure 3). At 12 months, no differences in the levels of L-DOPA
and 3-HAA were observed between the groups.

Figure 2. Longitudinal changes of four parameters after bariatric surgery. Figure (A–D) represent the
postoperative changes in L-dihydroxyphenylalanine (L-DOPA), 3-hydroxyanthranilic acid (3-HAA),
body mass index, and glycated hemoglobin, respectively. Measurements were obtained at baseline
and 3 and 12 months postoperatively. While the serum levels of L-DOPA and 3-HAA at baseline and
3 months were higher in the type 2 diabetes (T2D) remission group, no significant differences between
the remission and non-remission groups were identified 12 months postoperatively. * represent p < 0.05
in the comparison of the remission and non-remission groups.
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Figure 3. Prognostic performance of L-dihydroxyphenylalanine (L-DOPA) and 3-hydroxyanthranilic
acid (3-HAA) measured at 3 months after bariatric surgery. Using L-DOPA and 3-HAA measured at 3
months after surgery, receiver operating characteristic (ROC) curves were generated. The superior
prognostic performance of L-DOPA and 3-HAA continued until 3 months postoperatively, and they
showed the best discrimination ability in predicting type 2 diabetes (T2D) remission 12 months after
bariatric surgery.

4. Discussion

We showed that the profiles of diabetes-related AAMs before bariatric surgery could predict T2D
remission 12 months postoperatively. In particular, serum levels of L-DOPA and 3-HAA showed
superior prognostic performance with the best discrimination ability at 12 months postoperatively
compared with the existing prediction models. We also showed that the superior prognostic performance
of L-DOPA and 3-HAA continued for up to 3 months postoperatively.

Our results underscore the importance of KynP metabolites for predicting T2D prognosis after
bariatric surgery and must be considered in the context of previous studies suggesting that KynP
metabolites were potential biological mediators in T2D pathogenesis [7,9]. The majority of free
tryptophan in humans is metabolized via KynP [22], which shifts in favor of the breakdown of
tryptophan into downstream products in inflammatory states such as diabetes or obesity [23,24].
Consequently, levels of downstream metabolites such as 3-HAA [25], kynurenine [13], XA [26],
and 3-HK [27] are higher in T2D patients than in non-diabetics. In particular, XA was found to
contribute to diabetes development by chelating complexes with insulin and exerting pathological
apoptosis effects on pancreatic beta cells; furthermore, 3-HAA plays a key role in anti-inflammation
and neuroprotection, demonstrating strong antioxidative properties [28].

In patients who underwent bariatric surgery, plasma levels of KynP metabolites decreased 1 year
after surgery along with metabolic improvements, implying that KynP metabolites should be assessed
as potential biomarkers of metabolic improvement in bariatric patients [27]. According to our results,
the baseline level of 3-HAA among the KynP metabolites showed superior performance in predicting
T2D remission 1 year after bariatric surgery. Given that no significant differences in the 3-HAA
level between the remission and non-remission groups were observed at 12 months postoperatively
(Figure 2), our results imply that lower levels of 3-HAA may represent an early manifestation of
postoperative T2D remission. Our results are the first to suggest that KynP metabolites predict T2D
remission after bariatric surgery and are in line with those of recent studies indicating that KynP
metabolites are biological mediators in T2D pathophysiology.

Our findings highlighting the TyrP are noteworthy in the context of experimental and clinical data
that suggest that TyrP metabolites may contribute to energy expenditure and glucose homeostasis.
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Dopamine is synthesized in the beta-cells from circulating L-DOPA, and exogenous dopamine inhibits
insulin secretion from pancreatic beta-cells [29–31]. In this negative feedback loop, dopamine serves as
an autocrine signal that is co-secreted with insulin and causes a tonic inhibition on glucose-stimulated
insulin secretion [29–31]. Beta-cells co-secrete dopamine as well as insulin in response to glucose
stimulus and express dopamine 2-like receptors (D2R), which are responsible for the import of
L-DOPA [32]. Experiments with dopamine antagonists suggest that the co-secreted dopamine binds to
D2R to downregulate beta-cell insulin secretion [32].

In the present study, the T2D remission group showed higher levels of serum L-DOPA at baseline
and 3 months postoperatively than the non-remission group. Recently, it has been suggested that
dopamine and glucagon-like peptide-1 exert opposing effects on the glucose-stimulated insulin
secretion regulatory system and the anti-incretin effect of dopamine have been indicated as a potential
mechanism of diabetes remission after bariatric surgery [16,33]. Given that the proximal gastrointestinal
tract is the major source of peripheral circulating dopamine and L-DOPA [34], bariatric surgeries
such as SG and RYGB might reduce the secretion and anti-incretin effect of dopamine and L-DOPA.
This hypothesis regarding the decrease in dopaminergic action after bariatric surgery is in line with
our findings; while the serum level of L-DOPA decreased continuously until 12 months after surgery
in the remission group, no significant difference between baseline and 12 months was identified in the
non-remission group (Figure 2).

For the preoperative prediction of T2D remission, several prediction models have been proposed.
However, these prediction models have been challenged by insufficient validation studies and
discordance between models [35]. We calculated the AUROCs of the three existing prediction models
(the ABCD, DiaRem, and IMS models) and clinical parameters, according to existing prediction
models for the prediction of T2D remission after bariatric surgery (Supplemental Table S5). However,
the prognostic performances of the AAMs (especially L-DOPA and 3-HAA) were superior to those
of the existing prediction models and other clinical parameters. Hence, AAMs should be further
evaluated and considered as potential biomarkers for T2D remission.

This study had some limitations. First, our results did not exclude the possibility that other
AAMs may also predict T2D remission after bariatric surgery. Further analysis of downstream KynP
metabolites, such as quinolinic acid and nicotinamide adenine dinucleotide, and BCAA metabolites,
such as alanine, glutamine, and glutamate, is necessary. Second, the postoperative individual diet
pattern may affect the prognosis of T2D postoperatively. In animal studies, a low-BCAA diet improved
glycemic control independent of energy balance [36], whereas leucine enriched the diet and improved
glucose homeostasis [37]. Further studies to investigate the effect of postoperative diet pattern on
the predictive performance of AAMs in bariatric patients are warranted. Third, the subjects were
not randomized to the surgical procedures. In light of the high prevalence of gastric cancer in Korea,
allocation to RYGB could raise ethical issues, because postoperative esophagogastroduodenoscopy for
gastric cancer screening is not allowed in patients undergoing RYGB [17]. Although no significant
difference in the surgical methods between the remission and non-remission groups was identified,
further investigation of the effect of surgical methods on the prognostic performance of AAMs is
warranted. Fourth, our study was conducted on a small number of Asian patients with relatively low
BMIs. Caution is advised in applying our results to patients of other ethnicities, or patients with higher
BMIs. Our results should be further validated in studies with more patients.

In conclusion, our data provide new insights into preoperative AAMs and the prediction of T2D
remission after bariatric surgery. In our comprehensive metabolomics study targeting diabetes-related
AAMs, preoperative levels of L-DOPA and 3-HAA more effectively predicted T2D remission 1 year
after bariatric surgery compared with the existing prediction models. In addition, the predictive
performance of these two metabolites persisted until 3 months postoperatively. The higher levels of
L-DOPA and 3-HAA in the T2D remission group have significant clinical implications for the further
development and application of surgical indications for the treatment of obesity and T2D.
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Abstract: Uncontrolled postoperative pain and prolonged immobilization after bariatric surgery
have been associated with increased postoperative complications and prolonged hospitalization.
The aim of our study was to evaluate the postoperative pain that follows bariatric surgery and
identify any psychological factors that may affect the early postoperative perception of pain. The
study included 100 patients with obesity (women, n = 61; age 37.4 ± 9.9 years, mean ± standard
deviation; Body Mass Index (BMI) 47.6 ± 6.5 kg/m2) who underwent bariatric surgery. Preoperative
anxiety and depression were evaluated by the Hospital Anxiety and Depression Scale (HADS), and
the quantitative and qualitative dimension of early postoperative pain were evaluated by the McGill
Pain Questionnaire Short Form (MPQ-SF). Furthermore, the postoperative analgesia protocol was
recorded for each patient. Pain declined gradually during the first 24 h postoperative. Although
preoperative anxiety had no correlation with the overall pain of postoperative Day 0, patients with
a higher level of preoperative anxiety had significantly more intense and more unpleasant pain
at 1 h post operation. In addition, depression influences both the intensity and unpleasantness of
pain at different time points (1 h, 4 h and 24 h postoperative). Preoperative pain correlated with
educational level, but not with age, BMI, gender, marital status, smoking and surgery type. In
conclusion, preoperative anxiety and depression influence the early postoperative pain after bariatric
surgery, and their preoperative identification is of major importance to enhance the implementation
of fast-track postoperative protocols to prevent complications and prolonged hospitalization.

Keywords: obesity; bariatric surgery; pain dimensions; postoperative pain; preoperative anxiety;
preoperative depression

1. Introduction

The prevalence of severe obesity, i.e., body mass index (BMI) higher than 35 kg/m2,
is increasing rapidly in the developing world [1] and has become a global problem [2].
Obesity relates to an increased prevalence of comorbidities [3,4], including type 2 diabetes,
cardiovascular diseases, respiratory diseases, back and lower extremity weight-bearing
degenerative problems, several forms of cancer, and mental health problems leading to
increased mortality [2,4,5]. When conservative methods of obesity treatment fail, bariatric
surgery remains the only effective method of weight loss [6–8]. Bariatric surgery is gain-
ing more and more popularity since it offers efficient weight loss with proven long-term
effects, contributing to improved physical and mental quality of life [9]. The obese pop-
ulation [2,3,10] and the number of bariatric surgeries performed are increasing world-
wide [11,12]. Technological advances and progress in surgical techniques have resulted
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in the adoption of new surgical procedures, classified as restrictive and/or malabsorptive
based on the presumed weight loss mechanism [10].

Currently, the most common bariatric procedures worldwide are the laparoscopic
Roux-en-Y gastric bypass (LRYGB) and the laparoscopic sleeve gastrectomy (LSG) [11,13].
The one anastomosis gastric bypass (OAGB), also known as single anastomosis gastric
bypass or mini gastric bypass, is an effective, safe and simple alternative of LRYGB.
Moreover, it has a significant reduction of technical complexity, shorter operative time
and a potential reduction in morbidity and mortality [14,15]. Although the laparoscopic
surgical approach has the advantage of less postoperative pain [16], patients undergoing
laparoscopic bariatric surgery still require efficient analgesia to prevent postoperative
complications. Effective pain control reduces the risk of postoperative complications
such as pneumonia or atelectasis by enhancing deep breathing, deep vein thrombosis
and pulmonary embolism, by encouraging early mobilization [17]. Furthermore, the
effective control of perioperative pain helps prevent its transition to chronic pain [14].
A restriction concerning the efficient postoperative analgesia of obese patients is that
these patients frequently suffer from comorbidities such as obstructive sleep apnea and
other forms of sleep-disordered breathing, making the use of systemic opioids at the early
postoperative period very challenging [18]. Postoperative pain management strategies
for obesity surgery focuses on ensuring adequate pain relief and mitigating the risk of
complications in analgesic use.

Pain is a subjective experience that is characterized by its intensity and its quality
characteristics. The quality characteristics of pain are described by words that reflect (a)
the sensory qualities of pain in terms of temporal, spatial, pressure, thermal and other
properties; and (b) the affective qualities of pain in terms of tension, fear and autonomic
properties that are part of the pain experience [19]. The sensory and affective dimensions
are considered to be separate and differentially modifiable [20]. A variety of factors
are associated with postoperative pain such as patients’ demographic and psychological
parameters, different types of surgery and surgical characteristics [21,22]. The correlation
between psychological parameters and perception of pain is well established [21], and
so is the association between morbid obesity and psychopathological conditions [23].
Preoperative depression and anxiety are two identified psychological factors influencing
the experience of postoperative pain in many types of surgeries [24–26], but little is known
about how they could affect the early postoperative pain following bariatric surgery.

Identifying the psychological factors affecting the postoperative perception of pain
for this group of patients may lead to more efficient pain protocols, thus enhancing the
implementation of fast-track bariatric protocols [27–29]. Therefore, the aim of the present
study is to evaluate the early postoperative pain of patients undergoing bariatric surgery
and investigate the relationship between pain and the preoperative feeling of anxiety and
depression.

2. Material and Methods

The study was approved by the Institutional Human Subjects Review Board of our
hospital. During a 2-year period (2016–2018), 250 patients with obesity underwent bariatric
surgery at our Laparoscopic Bariatric Unit. Our inclusion criteria were as follows: age
18–65 years, BMI ≥ 30 kg/m2, laparoscopic bariatric procedure of LSG or OAGB, and
patients with I and II physical status according to the classification system of the American
Society of Anesthesiologists. The exclusion criteria were history of bariatric or other upper
abdominal surgery, diagnosis of a psychiatric disorder, diagnosis of chronic pain, intraoper-
ative placement of a drain, simultaneous cholecystectomy, and postoperative complication
and reoperation. In total, 100 patients (women, n = 61; age 37.4 ± 9.9 years, mean ± stan-
dard deviation; BMI, 47.6 ± 6.5 kg/m2) were eligible to participate in our study. The sample
size (n = 100) of the study was determined using the statistical software G*Power 3.1.9.6
for macOS (https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-
und-arbeitspsychologie/gpower.html, Heinrich Heine University Düsseldorf, Düsseldorf,
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Germany) considering tail one, effect size 0.3, error probability alpha 0.05 and power
(1-error probability beta) 0.93 for correlational analysis.

Prior to the experimental procedures, the patients were informed in writing and
orally about the surgical procedure and the survey protocol. After signed written consent
was obtained, all patients were asked to complete a questionnaire about their medical
history, socioeconomic status and the Hospital Anxiety and Depression Scale (HADS). In
the intraoperative period, the researcher provided a questionnaire about the surgery and
analgesia protocol. All patients were asked to complete the Greek version of the McGill
Pain Questionnaire Short Form (MPQ-SF) [30,31] during the postoperative Day 0 (POD #0)
at 1, 4, 8, 12 and 24 h after the completion of the operation.

The research protocol predetermined the intraoperative and postoperative analgesia
consisting of a bolus intravenous infusion of 1gr paracetamol plus 2 mcg/kg fentanyl
30 min before the animation. Postoperatively, the protocol consisted of an intravenous
infusion (IV) of 1gr paracetamol every 6 h, in addition to a fentanyl solution (10 mcg/mL)
infusion through a patient-controlled analgesia (PCA) pump, with a stable rate of 2.5 mL/h.
Furthermore, the PCA pump allowed patients to self-administer small IV doses of fentanyl
(2 mL) with a lockout interval of 10 min. The self-administrated fentanyl volume during
the first 24 h was recorded for each patient.

2.1. Assessment of Preoperative Psychological Status

HADS is a tool to measure the feeling of anxiety (HADS-A) and depression (HADS-
D) [32]. It is used to identify patients in the general hospital who require more systematic
psychiatric assessment and care. This tool consists of seven questions that evaluate anxiety
and seven questions that evaluate depression. Respondents can answer every question
on a four-stage Likert scale scoring from 0 to 3. The scores attributed to the questions are
summed up separately for the questions assessing depression and those evaluating anxiety,
leading to two scores that range between 0 and 21. High score values indicate high levels
of anxiety or depression. Scores between 0–7 points indicate normal levels, scores between
8–10 points indicate border-line abnormal levels and scores between 11–21 points indicate
abnormal levels.

2.2. Evaluation of Postoperative Pain

Postoperative pain was evaluated by using the validated Greek version of MPQ-
SF [30,31]. The questionnaire consists of 15 descriptive adjectives for the pain sensation,
11 sensory and 4 affective, each one assessed by four levels of intensity (none, mild,
moderate, severe). Each level scores different points (none = 0, mild = 1, moderate = 2 and
severe = 3 points). A sensory and an affective score are calculated by adding the points
attributed to the selected adjectives. In addition, a total score (SFMPQ-total) obtained by
adding the sensory and the affective score is also calculated. Furthermore, the questionnaire
includes a Numeric Rating Scale (NRS), which is a visual horizontal 10 cm analogue scale
(VAS) to describe the intensity of pain (0 = no pain, 10 = pain as bad as it could possibly
be). A 6-point verbal rating scale pain (Present Pain Index—PPI) is also a component of the
MPQ-SF that uses adjectives to describe the feeling of pain at the time of completion of the
questionnaire (no pain = 0, mild = 1, discomforting = 2, distressing = 3, horrible = 4 and
excruciating = 5). In addition to the use of MPQ-SF, postoperative pain was evaluated by
recording the self-administration of small IV doses of fentanyl (2 mL) through the PCA
pump during the first 24 h.

2.3. Statistical Analysis

Parametric (mean ± SD) and non-parametric statistics (median and interquartile
range) described variables. Despite the use of variables described by ordinal scales, we
presented data with both parametric and non-parametric statistics to have comparable data
with the literature [29,30]. The Spearman correlation coefficient (r) was used to explore the
association between two quantitative variables. The correlation is considered low when
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rho ranges from 0.1 to 0.3, moderate when rho ranges from 0.31 to 0.5 and high when
rho is greater than 0.5. Linear regression analysis was used to find independent factors
related to the pain scales from which dependence factors (b) and their standard errors
(standard errors = SE) were derived. Age, gender, BMI, marital status, smoking, educational
level and type of surgery were considered as potential prognostic factors of postoperative
pain. The validity of the models, i.e., normality of the residuals, homoscedasticity and
multicollinearity, were checked. Statistical significance was set at p < 0.05. Analyses were
conducted using SPSS statistical software (version 22.0, IBM, Armonk, NY, USA).

3. Results

3.1. Sample Characteristics

The operations performed were LSG on 58 patients (58%) and laparoscopic OAGB on
42 patients (42%). Table 1 outlines patients’ characteristics and surgical procedures.

Table 1. Information about the surgical procedure and descriptions of general and demographic
features of the study sample.

Variable n (%)

Gender, n (%)
Female 61 (61%)

Male 39 (39%)

Educational level, n (%)

Primary 5 (5%)

Secondary 53 (53%)

Two-year degree 18 (18%)

University 23 (23%)

Postgraduate university education 1 (1%)

Smoking, n (%)

No 52 (52%)

Yes 35 (35%)

In the past 13 (13%)

Operation, n (%)
LSG 58 (58%)

OAGB 42 (42%)

BMI, body mass index; LSG, laparoscopic sleeve gastrectomy; OAGB, one anastomosis gastric by-pass.

3.2. Preoperative Psychological Characteristics

The preoperative feeling of anxiety and depression was evaluated using the HADS.
With respect to the preoperative level of anxiety, 76% of patients were assessed as having
a normal level, 15% as having a border-line level and 9% as having an abnormal level.
As for the preoperative depression level, 89% were assessed as having a normal level,
7% as having a border-line level and 4% as abnormal. The mean values of the sample’s
preoperative anxiety and depression levels were both normal (0–7 points). The mean
preoperative anxiety score was at 4.24 (out of 21), and the mean preoperative depression
score at 5.78 (out of 21) (Table 2).

Table 2. Sample’s level of preoperative anxiety and depression.

Preoperative
Level

Normal (%)
Border-Line

(%)
Abnormal

(%)
Mean ± SD

Median
(IQR)

Anxiety 76 15 9 4.24 ± 3.09 4 (2–6)

Depression 89 7 4 5.78 ± 3.55 5 (3–7)

SD, standard deviation; IQR = 25th–75th interquartile range.
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3.3. Early Postoperative Pain

At POD #0, the NRS was 4.61 (out of 10), the PPI was 1.79 (out of 5), the sensory score
was 6.32 (out of 33), the affective score was 2.81 (out of 12) and the SFMPQ total was 9.16
(out of 45) (Table 3). Although the pain measurements at different time points showed a
gradual decrease of pain during the first 24 postoperative hours, distressing (PPI = 3) and
severe pain (NRS ≥ 7) was present in the 1st postoperative hour that remained moderate
(4 ≤ NRS ≤ 6) until the 8th postoperative hour.

Table 3. McGill Pain Questionnaire Short Form (MPQ-SF) parameters for every predetermined time point and during the
first 24 postoperative hours.

1 h 4 h 8 h 12 h 24 h Overall Day 0

Mean ± SD
(Median, IQR)

Mean ± SD
(Median, IQR)

Mean ± SD
(Median, IQR)

Mean ± SD
(Median, IQR)

Mean ± SD
(Median, IQR)

Mean ± SD
(Median, IQR)

NRS
7.4 ± 2.1
(8, 6–9)

5.4 ± 2.5
(5, 3–7)

4.3 ± 2.5
(4, 2–6)

3.6 ± 2.4
(3, 1–5)

2.3 ± 2.1
(2, 1–4)

4.61 ± 1.71
(4.8, 3.2–6.0)

PPI
3.00 ± 1.27

(3, 2–4)
2.01 ± 0.98

(2, 1–2)
1.58 ± 0.96

(1, 1–2)
1.31 ± 0.79

(1, 1–2)
1.02 ± 0.76
(1, 0.5–1.5)

1.79 ± 0.62
(1.8, 1.4–2.2)

Sensory
11.9 ± 6.2
(11, 7–16)

8.1 ± 5.5
(7, 4–11)

4.8 ± 4.8
(4, 2–6)

3.4 ± 3.7
(2, 1.3–4)

3.0 ± 3.4
(2, 0–4)

6.32 ± 3.67
(5.4, 3.8–8.0)

Affective
5.4 ± 2.9
(5, 3–8)

3.4 ± 2.5
(3, 2–4)

2.3 ± 2.2
(2, 1–3)

1.6 ± 1.6
(1, 0–2)

1.2 ± 1.6
(1, 0–2)

2.81 ± 1.53
(2.4, 1.8–3.8)

SFMPQ Total
17.3 ± 8.5

(16, 10.5–25)
11.5 ± 7.2
(10, 7–15)

7.1 ± 6.4
(6, 3–9)

5.1 ± 5.0
(4, 2–6)

4.1 ± 4.7
(3.5, 1–5)

9.16 ± 4.88
(7.8, 5.6–11.6)

SD, standard deviation; IQR = 25th–5th interquartile range; NRS, Numeric Rating Scale; PPI, Present Pain Index; SFMPQ—total score, Short
Form McGill Pain Questionnaire—total score; Day 0, First 24 postoperative hours.

The need for extra bolus infusions of the analgesic drug through the Patient Con-
trolled Analgesia (PCA) pump during the POD #0 was recorded; patients’ attempts
were 19.0 ± 14.7, while the amount of analgesic drug delivered from the attempts was
0.4 ± 0.3 mg. Table 4 shows Spearman correlation between the average pain scores for
each pain scale NRS, PPI, Sensory, Affective and SFMPQ total with data from PCA such
as patient attempts, bolus provided by attempts, bolus provided by continues rate and
the total bolus. The amount provided by patients’ attempts was found to be significantly
positively correlated with the average intensity score NRS (p = 0.042) and the average score
on the Sensory (p = 0.048), affective (p = 0.049) and total emotional score SFMPQ (p = 0.043),
with patients in more pain seeking extra analgesic drugs by using the PCA pump.

Table 4. Correlations between PCA pump amounts and average pain scores for each pain scale
during the first 24 postoperative hours.

NRS PPI Sensory Affective SFMPQ Total

Patient attempts
r 0.20 0.15 0.19 0.19 0.19

p 0.062 0.152 0.075 0.073 0.066

Patient bolus given
from attempts (mg)

r 0.21 0.17 0.21 0.21 0.21

p 0.042 0.117 0.048 0.049 0.043

Patient bolus given
from continuous rate (mg)

r −0.01 0.10 0.06 −0.03 0.04

p 0.962 0.330 0.599 0.780 0.725

Total bolus given(mg)
r 0.10 0.16 0.15 0.12 0.15

p 0.347 0.132 0.157 0.240 0.163

PCA: Patient Controlled Analgesia, NRS: Numerical Rating Scale, PPI: Present Pain Index, SFMPQ—
total score: Short Form McGill Pain Questionnaire—total score.
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3.4. Early Postoperative Pain and Sociodemographic Characteristics/Type of Surgery

The multiple linear regression showed that age, gender, BMI, marital status, smoking
and type of surgery did not have any association (positive or negative) with pain ratings for
the first 24 postoperative hours. The educational level had a positive association (p ≤ 0.05)
with all pain parameters’ ratings (NRS, PPI, sensory score, affective score and SFMPQ—
total score). Patients with a higher educational level experienced more severe pain both in
terms of quality and intensity during the first 24 hours. Furthermore, the multiple linear
regression analysis between the bolus infusions of the analgesic drug through the PCA
attempts showed no association with all the above characteristics (Table 5).

Table 5. Correlations between all pain scales with educational level of participants.

Pain Scale Educational Level b + SE ++ p

NRS
Primary

Secondary 0.142 0.046 0.003

PPI
Primary

Secondary 0.125 0.045 0.007

Sensory Primary
Secondary 0.117 0.057 0.043

Affective
Primary

Secondary 0.125 0.065 0.050

SFMPQ total
Primary

Secondary 0.110 0.055 0.047
+ Dependency factor, ++ standard factor error. NRS: Numeric Rating Scale, PPI: Present Pain Index,
SFMPQ—total score: Short Form McGill Pain Questionnaire—total score.

3.5. Early Postoperative Pain and Preoperative Psychological Status

The investigation of the influence of preoperative anxiety or depression on the ex-
perience of pain in every predetermined time point revealed an association between
psychological factors and pain at different postoperative time points during POD #0. An
important positive correlation was observed between the preoperative feeling of anxiety
and the pain of the 1st postoperative hour, with most of the questionnaire’s parameters
being affected. Patients reporting a higher level of preoperative anxiety experienced severe
pain at the 1st preoperative hour in terms of both pain intensity and unpleasantness. In
contrast, preoperative feelings of depression seem to influence only the perception of the
quality of postoperative pain at the 1st hour (affective score) but extract an important
influence on severity and unpleasantness of pain (NRS, PPI, affective score) at the 4th
postoperative hour. Furthermore, patients with higher levels of preoperative depression
report less severe unpleasantness (affective and SF-MPQ score) at the 24th postoperative
pain measurement (Table 6).
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Table 6. Spearman’s correlation coefficients of the preoperative anxiety and depression scores with the MPQ-SF parameters
for every predetermined time point.

Postoperative
Hour

NRS PPI Sensory Score
Affective

Score
SFMPQ Total

Score

r p r p r p r p r p

Preoperative
Anxiety

1st hour 0.22 0.030 0,.04 0.676 0.28 0.005 0.29 0.004 0.31 0.002

4th hour 0.04 0.731 −0.02 0.850 0.12 0.257 0.07 0.514 0.13 0.215

8th hour 0.04 0.675 0.00 0.987 0.06 0.550 −0.06 0.540 0.02 0.844

12th hour −0.03 0.744 −0.07 0.508 −0.02 0.868 −0.05 0.653 −0.02 0.812

24th hour −0.07 0.516 −0.08 0.424 −0.02 0.857 −0.10 0.340 −0.07 0.494

Preoperative
Depression

1st hour 0.14 0.158 0.04 0.662 0.14 0.181 0.22 0.034 0.17 0.096

4th hour 0.21 0.038 0.20 0.046 0.14 0.185 0.22 0.029 0.16 0.110

8th hour 0.10 0.303 0.01 0.906 0.05 0.625 0.10 0.319 0.06 0.531

12th hour −0.02 0.871 −0.03 0.755 0.04 0.710 0.04 0.690 0.06 0.569

24th hour 0.05 0.644 0.00 0.994 −0.09 0.395 −0.28 0.004 −0.23 0.038

NRS: Numeric Rating Scale, PPI: Present Pain Index, SFMPQ—total score: Short Form McGill Pain Questionnaire—total score.

4. Discussion

Many studies have demonstrated a higher prevalence of psychological disorders
among obese patients who are candidates for bariatric surgery [33–35]. In our hospital,
the preoperative assessment of patients planning to undergo bariatric surgery includes a
professional psychiatric evaluation, and for patients with proven pathology, the operation
is postponed. A reevaluation is performed after psychiatric treatment, and if the patient is
proven to be psychologically stabilized, the operation is performed. This strategy could
explain why the preoperative assessment of the feelings of anxiety and depression using
HADS classifies most of our patients in the normal range. Nonetheless, 24% and 11% of
our patients were assessed as having border-line or abnormal anxiety or depression levels,
respectively.

It is well known that psychological factors play a role in the perception of postoperative
pain [21,25,36]. This is the first study demonstrating the influence of preoperative anxiety
and depression on postoperative pain at different time points of POD #0 after a bariatric
surgery. Furthermore, the assessment of pain using a well-structured questionnaire (MPQ-
SF) that evaluates both the quantitative and qualitative dimensions of pain permits a
detailed description of the perception of postoperative pain.

In this study, pain control during the first eight postoperative hours was insufficient,
with patients experiencing severe and distressing pain at the 1st postoperative hour de-
creasing to moderate pain 4 h after the surgery and persisting until the 8th postoperative
hour. Furthermore, anxiety seemed to play a role on pain perception at the 1st postop-
erative hour, with patients with higher levels of preoperative anxiety experiencing more
severe pain in terms of intensity and quality. This finding confirmed the results of previous
studies showing that anxiety is a significant positive predictor of severe pain shortly after
the operation [37,38]. Moreover, this study extended this knowledge by being the first to
evaluate the impact of the preoperative level of anxiety on the qualitative dimension of
pain after bariatric surgery. Depression, on the other hand, had a statistically significant
positive correlation only with the affective dimension of pain at the 1st postoperative
hour. However, depression influenced both quantity and quality characteristics of pain at
the 4th postoperative hour, with patients with a higher preoperative level of depression
experiencing an intense and unpleasant pain. This finding is also in line with a previous
study describing the positive correlation of depression with the intensity of postoperative
pain after a bariatric surgery [21]. Our study is the first to show a positive correlation with
the intensity of quality characteristics of pain at different time points during POD #0.
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An unexpected finding of our study was the impact of preoperative depression on
the affective dimension of pain at the 24th postoperative hour measurement. Patients with
higher levels of preoperative depression experienced less unpleasantness (affective com-
ponent) of pain 24 h after the surgery. Moreover, it also influenced the total perception of
pain in terms of pain sensation at this time point (SFMPQ—total score). Studies evaluating
the experimental pain in depressive patients have reported equivocal results, with some
describing increased or decreased pain thresholds [39] depending on the underlying mode
of pain application [40] or type of surgery [41,42] and only one examining the affective
dimension of experimental pain [43]. At this time point (24th postoperative hour), pain
is mild, with the score of the affective component being 1.2 (out of 12) and the score of
the SFMPQ-total being 4.1 (out of 45). We can assume that this finding has no clinical
significance.

Another interesting finding is that patients’ educational level is an independent factor
influencing the perception of quantitative and qualitative characteristics of pain, with
patients with higher educational levels reporting more severe pain during the POD #0
after a bariatric surgery. This positive correlation was significant with all the MPQ-SF
parameters. On the other hand, age, gender, BMI, marital status, smoking and type of
surgery had no influence on postoperative pain. Our findings are supported by the results
of other studies about bariatric surgery, which reported that gender, age, surgical technique
and smoking are not related to postoperative pain [44–46]. However, these results are
in contrast with the positive correlations observed in another investigation between age
and postoperative pain, at the first 24 h after Laparoscopic gastric by-pass surgery [46].
In terms of educational status, there is no study in bariatric surgery (except in general
surgery) demonstrating the impact of educational status on the perception of pain [47].
An informative discussion with patients before surgery may have helped patients with a
high or low educational level to have lower pain scores.

5. Conclusions

In conclusion, preoperative anxiety and depression and a high educational level
are factors influencing the qualitative and quantitative dimension of early postoperative
pain during the first postoperative day (POD #0). The preoperative identification of
these factors may be useful for designing personalized and time-dependent postoperative
analgesic protocols to improve clinical outcomes. Furthermore, regular and systematic pain
assessment during different time points at the POD #0 after bariatric surgery is essential for
the efficient control of early postoperative pain. The efficient control of early postoperative
pain enhances early mobilization and promotes the implementation of fast-track bariatric
protocols. This strategy is of major importance due to the susceptibility of bariatric patients
to postoperative complications.
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Abstract: Arterial stiffness (AS) is an independent predictor of cardiovascular risk. We aimed
to analyze changes (Δ) in AS 1-month post-bariatric surgery (BS) and search for possible patho-
physiological mechanisms. Patients with severe obesity (43% hypertensives) were prospectively
evaluated before and 1-month post-BS, with AS assessed by pulse-wave velocity (PWV), augmen-
tation index (AIx@75) and pulse pressure (PP). Ambulatory 24 h blood pressure (BP), anthropo-
metric data, renin-angiotensin-aldosterone system (RAAS) components and several adipokines
and inflammatory markers were also analyzed. Overall reduction in body weight was mean
(interquartile range (IQR)) = 11.0% (9.6–13.1). A decrease in PWV, AIx@75 and PP was observed
1-month post-BS (all, p < 0.01). There were also significant Δ in BP, RAAS components, adipokines
and inflammatory biomarkers. Multiple linear regression adjusted models showed that Δaldosterone
was an independent variable (B coeff.95%CI) for final PWV (B = −0.003, −0.005 to 0.000; p = 0.022).
Angiotensin-converting enzyme (ACE)/ACE2 and ACE were independent variables for final AIx@75
(B = 0.036, 0.005 to 0.066; p = 0.024) and PP (B = 0.010, 0.003 to 0.017; p = 0.01), respectively. There was
no correlation between ΔAS and anthropometric changes nor with Δ of adipokines or inflammatory
markers except high-sensitivity C-reactive protein (hs-CRP). Patients with PWV below median de-
creased PWV (mean, 95%CI = −0.18, −0.25 to −0.10; p < 0.001) and both AIx@75 and PP at 1-month,
but not those with PWV above median. In conclusion, there is an improvement in AS 1-month
post-BS that correlates with ΔBP and Δrenin-angiotensin-aldosterone components. The benefit is
reduced in those with higher PWV.

Keywords: bariatric surgery; arterial stiffness; renin-angiotensin axis

1. Introduction

The World Health Organization reported that more than 1.9 billion adults were over-
weight and, of these, over 650 million were obese [1]. Obesity is a well-established contrib-
utor to cardiac and all-cause mortality, independently of other associated cardiovascular
risk factors [2,3]. Bariatric surgery (BS) consistently has shown to reduce cardiovascular
morbidity and overall mortality [4,5], although the underlying mechanisms continue to be
investigated.

Arterial stiffness (AS), considered as an independent cardiovascular risk factor [6],
is a decrease in the ability of an artery to expand and contract in response to a given
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pressure change [7]. AS can be measured in many different ways [8]: pulse pressure (PP),
pulse wave velocity (PWV), given that one of the fundamental principles of vascular patho-
physiology is that pulse waves travel faster in stiffer arteries, and augmentation index (AIx),
that expresses the degree of “augmentation” of central systolic blood pressure (SBP) as a
consequence of systolic pressure waves travelling back to the heart and being received in
late systole. Although these three indices are frequently used as AS markers, the most reli-
able seems to be PWV. It has been shown that PWV predicts mortality and cardiovascular
outcomes [9], even independently of the Framingham Risk Score, showing better survival
of individuals whose PWV responded to antihypertensive treatment independently of SBP
reduction [10]. Moreover, high PWV is associated with increased cardiovascular disease
risk regardless of hypertension status [11].

Excess body weight is associated with higher aortic stiffness in young and older
adults [12]. Therefore, increased AS may be one of the mechanisms by which obesity
increases cardiovascular risk independently of traditional risk factors. It is generally
accepted that body weight decrease either by lifestyle intervention or by BS results in
a reduction in AS. Some studies have reported a significant decrease In PWV or AIx at
3 months [13], 6 months [14,15], or beyond two years [16] after the intervention. There is
no evidence or negative results regarding changes in PWV after weight loss in earlier
stages [13,17].

The previously published BARIHTA (Hemodynamic Changes and Vascular Tone
Control after Bariatric Surgery. Prognostic Value Regarding Hyper Tension and Target
Organ Damage) study [18] analyses haemodynamic changes after BS. Here, changes in AS
markers are analyzed, mainly as early as one month after BS. Additionally, we explore the
role of different mechanisms potentially responsible for such changes.

2. Materials and Methods

2.1. Methods
2.1.1. Study Design and Patients

The BARIHTA study is a prospective observational trial in a cohort of consecutively
recruited patients with severe obesity scheduled to undergo BS (clinicaltrials.gov iden-
tifier: NCT03115502). Details about BARIHTA trial have been published elsewhere [18].
In brief, the BARIHTA study enrolled outpatients attending consults in the Hospital del
Mar (Barcelona, Catalonia, Spain), because of severe obesity and looking for surgical
treatment. All participants of both sexes aged 18–60 years with medical indication for
treatment with BS and who agreed to undergo the surgical intervention, were invited
to participate. Both normotensive and hypertensive patients were included. The exclusion
criteria comprised the exclusion of the BS program for any reason or the refusal to give
informed consent. The trial was approved by the local institutional Ethic Committee in
accordance with the Declaration of Helsinki.

Here, we report additional analysis focused on the effect of BS on AS and its relation-
ship with several renin-angiotensin-aldosterone system (RAAS) components, as well as
with inflammatory markers and adipokines, according to pre-specified secondary end-
points.

Demographic and clinical data were recorded from all participants in the inclu-
sion visit. Anthropometric characteristics, pharmacological treatment and 24 h blood
pressure (BP) recordings, including data on PWV and AIx, and laboratory tests were
obtained at baseline and 1, 3, 6 and 12 months after surgery. Hypertension was con-
sidered if patient received antihypertensive drugs and/or if the baseline 24 h-BP was
≥130/80 mmHg. Diabetes mellitus (DM) was diagnosed if the patient was under antidi-
abetic treatment or had ≥2 fasting plasma glucose determinations ≥7.0 mmol/L or if
glycosylated haemoglobin A1c was >6.5%.
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2.1.2. Procedures

Mobil-O-Graph® Device and Measurements

A Mobil-O-Graph® NG-ambulatory blood pressure (NG-ABPM) by IEM, Stolberg,
Germany device was used to measure brachial-BP and indirectly calculate aortic-BP and
other arterial parameters through the oscillometric method (ARCSolver algorithm). Sev-
eral studies have validated this device for estimating PWV and AIx [19,20]. Using suitable
sized cuffs, the monitor was placed at 08:00–10:00 h A.M., and brachial artery waveforms
were automatically recorded at 20-min intervals. Then, a generalized transfer function is
applied to the averaged waveform to generate a corresponding aortic waveform. AIx was
calculated as the ratio of the difference between the second systolic peak and the diastolic
pressure and the difference between the first systolic peak and the diastolic pressure × 100.
AIx was corrected for heart rate at 75 beats/min (AIx@75), as is standard [19,21,22]. The de-
vice also provided an indirect estimation of cardiac output.

All patients had recordings of good technical quality (≥70% valid readings). Other-
wise, a new ambulatory-BP-monitoring (ABPM) was repeated within 1-week and used as
the valid one.

Renin-Angiotensin-Aldosterone System (RAAS) Components

Plasma renin activity (PRA) and plasma aldosterone concentration, as well as angiotensin-
converting enzyme (ACE) and angiotensin-converting enzyme-2 (ACE2) activities, were mea-
sured by validated laboratory methods [23]. Details on assay performance are reported in
Appendix A.

Adipokines and Inflammatory Parameters

Leptin, adiponectin, and some cytokines and inflammatory markers, i.e., resistin,
angiopoietin-2, MCP-1 and high-sensitivity C-reactive protein (hs-CRP) were also deter-
mined. See Appendix B.

Surgical Techniques

Either laparoscopic Roux-en-Y gastric bypass (LRYGB) or laparoscopic sleeve gas-
trectomy (LSG) were chosen for each patient based on clinical criteria and the consensus
of the Bariatric Surgery Unit. Thus, LSG was preferred in younger patients, in those
with BMI ranged 35–40 kg/m2, as a first-step treatment in cases with a body mass index
(BMI) > 50 kg/m2 and when drug malabsorption was to be avoided [24]. The LRYGB
technique involved a 150-cm antecolic Roux limb with 25-mm circular pouch–jejunostomy
and exclusion of 50 cm of the proximal jejunum. In LSG, the longitudinal resection of
the stomach from the angle of His to approximately 5 cm proximal to the pylorus was
performed using a 36-French bougie inserted along the lesser curvature.

2.1.3. Statistical Analyses

Descriptive data are presented as mean ± standard deviation (S.D.) for those nor-
mally distributed variables or summarized as median (interquartile range, IQR) in case
of a non-normal distribution according to the Kolmogorov–Smirnov test. Categorical and
dichotomous variables are presented as frequencies and percentages. Comparisons of
variables between two periods were carried out by paired t-tests in continuous normally
distributed data or by Wilcoxon-test in non-normally distributed continuous data. Multiple
linear regression models were constructed for the resulting 1-month value of each AS
parameter (dependent variable) adjusting for age, sex, variation (Δ) of body weight, Δ 24
h-systolic BP, Δ cardiac output, the baseline value of the correspondent AS marker and Δ
of each assessed RAAS components (independent variables). Results are shown by the B
coefficient and corresponding 95% confidence intervals (95%CI). Pearson’s or Spearman’s
correlation coefficients, when appropriate, were obtained to measure the association be-
tween AS indexes and BP estimates, RAAS components, adipokines, inflammatory markers
and glucose homeostasis parameters.
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A sample size calculation was initially calculated and 61 subjects were assumed as
needed to answer the primary outcome [18]. A post-hoc power calculation was performed
regarding the paired t-test for the variable Δ 24 h-PWV (1-month after BS vs. baseline),
the secondary endpoint analyzed here, having a sample size of 47 patients. Since we have
a mean difference of −0.26 and a standard deviation of 0.40 (effect size = −0.65), for an
α = 0.05, a power of 99.4% was found.

Statistical package SPSS for Windows version 25.0 (Cary, NC, USA) was used. A change
was considered significant if the two-side alpha level was ≤0.05.

A quarter of the study population received treatment with one or more drugs that
interfered with RAAS, being modified within the first month post-BS. For this reason,
the main analyses, especially those which include BP and/or RAAS parameters, were per-
formed separately in both the whole cohort and in the normotensive patients.

3. Results

Sixty-two patients completed the BARIHTA study. Complete data on AS were avail-
able for 47 subjects, and these comprise the cohort reported here (a flowchart is supplied in
Supplementary Figure S1). Main baseline clinical characteristics are described in Table 1.

Table 1. Baseline clinical characteristics.

Age, year (mean ± SD) 42.7 ± 9.4

Sex, women, n (%) 34 (72.3)

Body weight, kg (mean ± SD) 118.1 ± 19.5

Waist circumference, cm (mean ± SD) 131.6 ± 10.7

Body mas index, kg/m2 (mean ± SD) 42.2 ± 5.4

Race, Caucasian, n (%) 45 (95.7)

Current smokers, n (%) 10 (21.3)

Surgical procedure, n (%):
Sleeve gastrectomy 20 (42.6)

Roux-en-Y gastric bypass 27 (57.4)

Hypertension, n (%) 20 * (42.6)

T2-Diabetes Mellitus, n (%) 4 (8.5)

Dyslipidemia, n (%) 12 (25.5)

Previous major vascular event **, n (%) 3 (6.4)

Sleep apnea syndrome, n (%) 11 (23.4)
CPAP, n (%) 9 (81.8)

T2 = type 2; CPAP = continuous positive airway pressure. * Three of them, never-treated hypertensives. ** Coro-
nary artery disease, heart failure, ictus or peripheral vascular disease.

There was a higher prevalence of female patients, and 43% of individuals were hy-
pertensives. None of the patients died in the follow-up period. Of note, no patient in this
study was treated with a sodium-glucose transport protein 2-inhibitor or a glucagon-like
peptide-1 receptor agonist.

3.1. Changes in Anthropometric and Hemodynamic Parameters

As regards the primary outcome of the BARIHTA study, there was a 12-month decrease
in both 24 h-central and 24 h-peripheral SBP (mean, 95% CI) of −4.4 mmHg (−8.3 to −0.5)
and −4.0 mmHg (−7.8 to −0.2) respectively.

Changes (Δ) in AS were statistically significant 1-month post-BS (Table 2).
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Table 2. Changes 1-month after bariatric surgery.

All Patients
(n = 47)

Patients without Antihypertensive Treatment
at Baseline **

(n = 30)

Parameter
Baseline

Mean ± SD
1-Month

Mean ± SD
p Baseline

Mean ± SD
1-Month

Mean ± SD
p

Anthropometric parameters

Body weight, kg 118.1 ± 19.5 104.5 ± 17.5 <0.001 116.1 ± 17.7 102.5 ± 15.2 <0.001

Waist circumference, cm 132.0 ± 12.0 122.4 ± 10.2 <0.001 130.2 ± 10.6 120.2 ± 9.3 <0.001

Arterial stiffness

24 h-PP, mmHg 46.4 ± 7.5 44.2 ± 7.1 0.001 45.8 ± 6.9 43.1 ± 6.6 0.010

24 h-PWV, m/s 6.64 ± 1.03 6.24 ± 0.97 <0.001 6.2 ± 1.0 6.11 ± 0.99 0.001

AIx@75, % 26.4 ± 7.5 22.7 ± 7.1 <0.001 24.8 ± 5.9 22.2 ± 6.0 0.028

Blood pressure, heart rate and cardiac output

24 h-SBP, mmHg 120.0 ± 11.7 114.3 ± 9.9 <0.001 118.6 ± 10.7 113.5 ± 9.7 <0.001

24 h-DBP, mmHg 73.7 ± 9.0 70.2 ± 6.9 <0.001 72.1 ± 7.7 69.4 ± 6.8 <0.001

24 h-HR, bpm 73.2 ± 10.1 66.7 ± 8.8 <0.001 75.2 ± 9.2 68.7 ± 7.6 <0.001

Cardiac output 4.6 ± 0.6 4.5 ± 0.5 <0.001 4.7 ± 0.5 4.5 ± 0.4 0.004

Glucose metabolism parameters

Fasting glucose, mg/dL 99.6 ± 19.1 86.5 ± 10.1 <0.001 95.9 ± 12.9 85.7 ± 9.2 <0.001

Glycosylated
hemoglobin, % 5.7 ± 0.8 5.3 ± 0.6 <0.001 5.7 ± 1.0 5.3 ± 0.6 0.001

Fasting insulin *,
mcU/mL 12.0 [8.3; 17.3] 6.8 [3.9; 9.4] <0.001 11.7 [7.1; 17.3] 6.3 [2.9; 9.2] <0.001

Insulin resistance
(HOMA-IR) * 54.5 [37.2; 87.1] 23.8 [13.8; 39.3] <0.001 50.4 [28.3; 82.2] 23.3 [10.3; 39.3] <0.001

RAAS components

PRA *, ng/mL/h 0.8 [0.3; 1.3] 0.8 [0.5; 1.2] 0.726 0.8 [0.4; 1.2] 0.9 [0.5; 1.5] 0.411

Aldosterone *, ng/dL 87.8 [56.8; 134.5] 82.0 [61.4; 139.5] 0.747 76.7 [59.3; 108.3] 86.0 [65.8; 128.5] 0.210

ACE activity, RFU/μL 1320.2 ± 385.8 1099.0 ± 293.7 <0.001 1307.9 ± 337.4 1126.6 ± 258.0 <0.001

ACE2 activity *,
RFU/μL/h 7.9 [5.8; 10.8] 6.0 [4.7; 7.8] <0.001 7.6 [5.5; 9.4] 5.8 [4.2; 7.8] 0.001

ACE act./ACE2 act. 170.0 ± 82.0 194.1 ± 108.7 0.009 183.0 ± 93.3 207.4 ± 118.1 0.072

Adipokines & Inflammatory Markers

Leptin *, ng/mL 56.5 [28.8; 73.7] 21.4 [12.1; 37.3] <0.001 45.1 [24.3; 67.1] 15.9 [9.5; 31.5] <0.001

Adiponectine *, μg/mL 19.0 [12.5; 33.3] 23.6 [12.9; 40.5] 0.050 22.5 [16.0; 35.5] 27.1 [16.8; 45.6] 0.043

Resistin, ng/mL 36.8 ± 13.3 37.3 ± 14.9 0.822 35.9 ± 11.2 39.4 ± 12.7 0.106

MCP-1, pg/mL 544.9 ± 197.5 601.5 ± 249.4 0.041 530.0 ± 199.5 632.6 ± 274.7 0.014

Angiopoietin2 *, pg/mL 2676.2 [1815.4;
4067.0]

4039.6 [2076.8;
5380.9] 0.042 2721.4 [1815.4;

4655.1]
4366.8 [2011.9;

5293.3] 0.046

hs-CRP *, mg/dL 0.77 [0.43; 1.41] 0.45 [0.24; 0.74] 0.001 0.57 [0.32; 0.93] 0.56 [0.25; 0.74] 0.249

* Data shown as median [interquartile range]. ** normotensive patients (n = 27) plus mild hypertensive patients without antihypertensive
treatment (n = 3). ACE = angiotensin converting enzyme; ACE2 = angiotensin converting enzyme 2; AIx@75 = augmentation index
at 75 beats/minute; DBP = diastolic blood pressure; HOMA = homeostasis model assessment; HR = heart rate; hs-CRP = C-reactive
protein; MCP-1 = monocyte chemoattractant protein-1; PP = pulse pressure; PRA = plasma renin activity; PWV = pulse-wave velocity;
RAAS = renin-angiotensin aldosterone system; RFU = relative fluorescence units; SBP = systolic blood pressure; ACE = angiotensin
converting enzyme; ACE2 = angiotensin converting enzyme 2; AIx@75 = augmentation index at 75 beats/min.
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Although there was a trend towards a decrease in all AS markers from baseline to 3,
6 and 12 months [25], only the decrease of 24 h PP at 12 months was statistically significant:
mean (95%CI) = −2.1 mmHg (−4.1 to −0.1), p = 0.042. Since our goal was to analyze
changes in AS and their potential mechanisms, most of the analyses shown from now on
are referred to the evaluation 1-month post-BS. Thus, 1-month changes in anthropometric
and hemodynamic parameters and arterial stiffness estimates are shown in Table 2, both in
the whole cohort and after excluding patients with any antihypertensive treatment, and for
all these variables there was a statistically significant decrease (p < 0.01 for all).

Statistically significant decreases in body weight and waist circumference are also
shown in Table 2. The overall reduction in body weight was mean (IQR) = 11.0% (9.6–13.1).

3.2. Changes in Glucose Metabolism, RAAS Components, Adipokines and Inflammatory Markers

There was a statistically significant decrease in all glucose metabolism parameters
(p < 0.001) (Table 2).

Table 2 also describes the baseline and 1-month post-BS values of the RAAS compo-
nents, showing statistically significant decreases in both ACE and ACE2 activities. How-
ever, none change was observed in either PRA or plasma aldosterone concentration values.
Figure S2 (Supplementary Figure S2) shows that decreases in PRA and plasma aldosterone
concentration occur from 3-months on. As regards adipokines and inflammatory markers,
there was a statistically significant decrease in leptin and a trend towards a decrease in hs-
CRP, as well as increases in other adipokines (adiponectine, MCP-1 and angiopoietin-2).

When analyzing anthropometrics, arterial stiffness and hemodynamic changes accord-
ing to the surgical technique (Supplementary Table S1), to having or not sleep-apnea or to
sex [25], no between-groups remarkable differences were observed.

Multiple linear regression models were built for each of the statistically significant
change in AS markers (Table 3).

In all tested models for final (1-month post-BS) 24 h PP and final PWV, Δ 24 h systolic
BP and baseline values of each correspondent AS marker were statistically significant inde-
pendent variables. Another independent variable for 24 h PP post-BS was Δ ACE. On the
other hand, Δ aldosterone was an independent variable for the final PWV value. As regards
final AIx@75, age and baseline AIx@75 value were statistically significant independent
variables in all models. In addition, the ratio ACE/ACE2 was also an independent variable
for the final AIx@75 value in this cohort. Neither Δ body weight nor Δ cardiac output
influenced the final value of any AS marker. Equivalent results were found when the same
models were tested including Δ waist circumference instead of Δ body weight [25].

In addition, Pearson’s or Spearman’s correlation coefficients, as appropriate, were
obtained to measure the association between the observed changes.

Table 3. Role of several factors, including RAAS components, on changes in arterial stiffness markers
in patients without antihypertensive treatment.

Dep. Variable B Coefficient 95% (CI) p

Model 1

1-month 24 h PP

Age

Sex

Δ 24 h-SBP 0.481 0.272–0.689 0.001

Δ body weight

Δ cardiac output

Baseline 24 h-PP 0.996 0.771–1.220 < 0.001

Δ ACE
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Table 3. Cont.

Dep. Variable B Coefficient 95% (CI) p

Model 2

1-month PWV

Age

Sex

Δ 24 h-SBP 0.032 0.008–0.056 0.014

Δ body weight

Δ cardiac output

Baseline PWV 0.651 0.416–0.886 < 0.001

Δ aldosterone −0.003 −0.005–0.000 0.022

Model 3

1-month AI@75

Age

Sex

Δ 24 h-SBP

Δ body weight

Δ cardiac output

Baseline AI@75 0.326 0.013–0.639 0.043

Δ ACE/ACE2 0.036 0.005–0.006 0.024
Δ = change; ACE = angiotensin converting enzyme; ACE2 = angiotensin converting enzyme 2;
AIx@75 = augmentation index at 75 beats/minute; PP = pulse pressure; PWV = pulse-wave velocity;
SBP = systolic blood pressure. Adjusted squared R = 0.863 (Model 1), 0.900 (Model 2) and 0.689 (Model 3).

3.3. Correlations
3.3.1. Correlations of Changes in Arterial Stiffness (AS) with Changes in Anthropometric
Parameters, Glucose Metabolism, Adipokines and Inflammatory Markers

At 1-month, there was no statistically significant correlation between changes in PWV,
AIx@75 or PP with changes in body weight or waist circumference. When the correlations
between the variation of each of these three AS markers with changes in fasting glucose,
fasting insulin or the HOMA-IR index were explored, again no correlation was found.

In addition, none of the changes in any of the analyzed adipokines or inflammatory
markers showed a statistically significant correlation with changes in PWV, AIx@75 or PP.
except between variation of 24 h PP and variation of hs-CRP: Rho = 0.382; p = 0.041 [25].

3.3.2. Correlations of Changes in AS with Changes in BP Estimates

Variation of 24 h-PWV (Figure 1A) correlated with Δ 24 h-SBP (Pearson’s coeffi-
cient = 0.384; p = 0.036. No statistically significant correlation was observed between
ΔAIx@75 and any BP estimate.
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Figure 1. (A) Scatter plot for the correlation between change of PWV and change of 24 h SBP
one-month after bariatric surgery. (B) Scatter plot for the correlation between change of AIx@75
and change of ACE one month after bariatric surgery. ACE = angiotensin converting enzyme;
AIx@75 = augmentation index at 75 beats/minute; PWV = pulse-wave velocity; SBP = systolic
blood pressure.

3.3.3. Correlations of Changes in AS with Changes in the RAAS Components

Variation of 24 h PWV correlated with Δ ACE/ACE2 ratio (Pearson’s coefficient = −0.488;
p = 0.013). There was also a direct correlation between Δ AIx@75 and Δ ACE (Pearson’s
coefficient = 0.435; p = 0.026) (Figure 1B). At 1-month there was no correlation between
changes in PRA or aldosterone levels and changes in any AS marker. On the other hand,
there was no correlation between changes in aldosterone levels and changes in ACE activity.

Finally, given the fact that some authors [12] reported significant improvement of AS
after BS only in those with pathological preoperative PWV, we explored three quantile
regression models for changes in AS markers. Therefore, we segmented the sample into
two subsets above and below the median of baseline 24 h PWV, AIx@75 and 24 h-PP,
respectively (Table 4).
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Table 4. Changes in AS markers according to the segmented population into two subsets above and below the median of
baseline PWV, baseline AIx@75 and baseline 24 h PP, respectively.

Below Median
Baseline 24

h-PWV (n = 21)

Above Median
Baseline 24

h-PWV (n = 15)

Below Median
Baseline 24 h

AIx@75 (n = 18)

Above Median
Baseline 24

h-AIx@75 (n = 18)

Below Median
Baseline 24 h-PP

(n = 18)

Above Median
Baseline 24 h-PP

(n = 18)

Mean
(95%CI)

p Mean
(95%CI)

p Mean
(95%CI)

p Mean
(95%CI)

p Mean
(95%CI)

p Mean
(95%CI)

p

Δ 24 h-PWV

1
month

−0.18
(−0.25

to
−0.10)

<0.001
−0.31
(−0.64
to 0.02)

0.060

−0.18
(−0.28

to
−0.08)

0.002

−0.29
(−0.55

to
−0.03)

0.034

−0.16
(−0.28

to
−0.04)

0.013

−0.31
(−0.56

to
−0.05)

0.020

Δ 24 h-AIx@75

1
month

−3.8
(−6.7 to
−0.9)

0.014
−1.6

(−4.6 to
1.3)

0.261
−0.0

(−2.8 to
2.7)

0.990
−5.7

(−8.3 to
−3.2)

<0.001
−1.9

(−4.3 to
0.4)

0.106
−4.3

(−6.7 to
−1.9)

0.001

Δ 24 h-PP

1
month

−3.4
(−5.5 to
−1.3)

0.003
−2.3

(−5.1 to
0.4)

0.563
−2.0

(−5.0 to
1.0)

0.177
−2.7

(−4.8 to
−0.6)

0.015
−2.1

(−5.1 to
0.8)

0.149
−3.6

(−6.7 to
−0.6)

0.023

Δ = change; AIx@75 = augmentation index at 75 beats/minute; PP = pulse pressure; PWV = pulse-wave velocity. Significant results are
highlighted in bold format.

Patients with higher baseline 24 h PWV only showed a statistically significant decrease
in PWV and AIx@75 1-month post-BS, but not in the PP. In contrast, those with 24 h-PWV
below the median showed a decrease in all AS markers at 1-month. Conversely, pa-
tients with lower AIx@75 and lower PP only showed an improvement in 24 h PWV at
1-month. Remarkably, for patients with AIx@75 or PP above the median, statistically
significant decreases were observed in all AS markers at 1-month.

4. Discussion

Arterial stiffness, assessed by three different methods, i.e., PWV, AIx@75 and PP,
improved significantly as early as 1-month after BS in this cohort of patients with se-
vere obesity. These changes were confirmed in the subset of patients strictly normotensives,
as confirmed by the 24 h -ABPM, or who did not experience changes in their antihyperten-
sive treatment regimen. In fact, it has been suggested that AS may precede elevations in
systolic BP and incident hypertension in obese individuals [26]. Moreover, although there
are several reports observing an improvement in AS after losing weight, these changes
have demonstrated to be significant only from 3 months after BS, as summarized by
Petersen [7] et al. In this systematic review and meta-analysis, where all studies had a
follow-up time of more than 1-month, it is shown that although some AS measures im-
proved 3 months after weight loss, these changes were not observed according to AIx
or PP, while PWV was not evaluated. Even in a very recent study on this issue [12],
no significant decrease in AS was observed 1-month post-BS except in patients with pre-
operative pathologic PWV. And another group reported very recently significant changes
in PWV at 8 months after BS [27]. Along these lines, the second important point is that
we have demonstrated that main changes in the different markers of AS occur in patients
with lowest PWV, suggesting that perhaps PWV is a stronger marker of organ damage
than AIx@75 or PP, and thus less susceptible to modification even after losing weight.
On the contrary, for patients with AIx@75 or PP above the median, statistically significant
decreases were observed in all AS markers. The set of these findings suggests that PWV is
a more powerful marker of AS and less likely to change, whereas elevated AS based on
AIx@75 or PP is more likely to improve after BS, and we believe that it adds knowledge
to what is reported until now on relationships between obesity, AS and changes after BS.
Thus, although PWV is the gold standard for AS measurement [21], perhaps AIx and PP
should receive more attention as modifiable therapeutic targets, at least in the obese popula-
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tion. It is known that PWV closely relates to arterial wall stiffness whereas AIx is related to
both arterial wall stiffness and wave reflection, which is dependent on peripheral resistance
and affected by heart rate variation. This finding is in accordance with that reported by
Rossi et al. [28] in primary aldosteronism, where it was suggested that vascular damage
may be partially reversible and that both forward and backward pulse wave amplitudes
might be more accurate than PWV to detect subtle changes of function in large arteries.
It is probable that this difference between the two AS markers would justify the fact
that AIx is a more modifiable parameter than PWV, given the changes in heart rate and
peripheral resistances are associated with weight loss. We must also highlight the nov-
elty of assessing AS parameters by an oscillometric device providing 24 h measurements.
In fact, the vast majority of reports regarding changes in AS after BS use “office” meth-
ods, such as applanation tonometry. Here we have shown changes in 24 h ambulatory
measurements, which add value to the findings, although confirmation in further studies
would be desirable. Thirdly, there were significant changes in anthropometric parameters,
glucose metabolism components and adipokines and inflammatory markers. However,
none of them showed a statistically significant role in the observed AS improvement.
Otherwise, and as expected, BP determined final PWV, while the main independent vari-
able for final AIx@75 was age. Regarding the potential mechanisms responsible for the
reduction of AS after weight loss, some authors [13] have found a correlation between
weight loss and reduction of PWV independently of changes in established hemodynamic
and cardiometabolic risk factors. Other groups [15], but not all [12], suggest that this
correlation is mediated by the decrease in BP. Aside from conflicting reports on the role of
BP in AS, elevated cardiac volume and output in obese individuals have also been noted as
possible mediators of AS, more important than elevated BP [29]. Given the non-significant
changes in PWV at 3, 6, and 12 months, also reported by Cooper et al. [14], we must keep
in mind that AS is influenced by both functional and structural factors. We hypothesize
that hemodynamic changes occur primarily in the first few weeks after BS, from which
they are likely to stabilize, while surely the deepest structural changes remain. This could
justify the lack of a permanent decrease of the PWV. In relation to carbohydrate metabolism,
there are contrasting results regarding changes in glucose metabolism and insulin sensitiv-
ity parameters and AS modification: while some studies show a relationship with AIx [14],
others suggest that there is no correlation [16].

What is relevant is the finding that changes in several RAAS components were also
independent variables for the final values of each AS markers, after adjusting for confound-
ing factors, relationships that were confirmed in correlation analyses. Some studies have
previously suggested that the RAAS is an important determinant of AS, in addition to BP
and other factors. Multiple mechanisms are responsible for the RAAS activation in obesity,
including adipose tissue-derived RAAS components that might be involved in regulation
of BP and AS through local production of angiotensin (Ang) II and aldosterone, conversion
of adipocyte-derived angiotensinogen by systemic renin and ACE-activity, or forming
Ang via alternative routes due to the presence of cathepsins and chymase in human adi-
pose tissue [27,30]. The main changes in this BARIHTA study were observed in ACE and
ACE2, but no significant change was found in PRA or plasma aldosterone concentration
1-month post-BS, nor were there any correlations between their changes and improvement
on any AS marker. Surprisingly, aldosterone concentration did not change, but its variation
was shown to determine PWV changes at 1 month, although, as mentioned, the decrease in
aldosterone levels began at 3 months. Perhaps this relationship is statistically significant
due to its inclusion in a model with other variables, but from our point of view, what is
really important is that the RAAS components have an overall impact on AS, as can be de-
duced from the three models. There is a predominant role of adipose-tissue-derived RAAS
components in the development of AS in obese individuals and its consequent improve-
ment after BS. All components of RAAS, except renin, are known to be found in aortic and
mesenteric perivascular adipose tissue, including angiotensinogen, ACE, ACE2, chymase,
Ang I, Ang II, AT1, and AT2 receptors [31]. Other authors [32] have also suggested that the
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generation of some RAAS components through a non-renin-dependent pathway is likely.
Taking together, this may explain why changes in AS are related to certain components
of RAAS, but not to PRA or aldosterone, at least one month after BS. Moreover, it justifies
why there is no correlation between changes at 1-month in ACE activity and changes in
aldosterone concentration since, as described, the decrease in the latter occurred from
3 months. Another point to address is the finding that ACE2 activity is elevated at baseline
and decreases after BS, considering that its metabolite Ang (1–7) exerts inhibitory effects
on inflammation and on vascular and cell growth mechanisms. Recent studies have shown
that increased activation of ACE2/Ang-(1–7)/MasR axis can revert and prevent local and
systemic dysfunctions improving lipid profile and insulin resistance by modulating in-
sulin actions, and reducing inflammation [32,33]. Therefore, the increased ACE2 would
counterbalance the adverse effects of raised Ang II in obesity by increasing levels of the
vasodilator Ang-(1–7), as has been shown in other pathological conditions, although it
is only speculation. In addition, the increase in the ACE/ACE2 ratio suggests that the
decrease in ACE2—probably overexpressed before surgery—is greater than the decrease
in ACE, perhaps due to the faster normalization of a compensatory mechanism than that
of a pathological one.

Our study has some limitations and several strengths. First, there is some debate
about the reliability or not of the Mobile-O-Graph device for measuring AS in the general
population and in patients with obesity or with Marfan’s syndrome [34]. Recently, a couple
of studies have concluded that the oscillometric PWV of Mobil-O-Graph is explained
almost entirely by age and SBP compared to carotid-femoral PWV [35] or to the invasive
aortic PWV measurement [36], since their relationship is explained by shared associations
with age and SBP. However, it has been established that estimated PWV can be used to
improve risk prediction in addition to traditional risk classification in conditions under
which measuring carotid-femoral PWV is not feasible [8]. Anyway, we have used this same
method at different time points for each individual, which is why we truly believe that the
modification over time of this parameter has value. On the other hand, due to an otherwise
common underrepresentation of male patients in the analyzed cohort, it is not possible to
explore the influence of gender on the relationships between RAAS components and AS
in this setting. Anyway, we discarded any between-sex differences in 1-month changes in
anthropometric and AS measurements and, on the other hand, sex was included in the
regression analyses. Otherwise, although we have not explored other possible mechanisms
for AS, such as the overproduction of reactive oxygen species or the role of the sympathetic
nervous system, we have analyzed the most important mechanisms of its overactivation
in obesity, i.e., hyperinsulinemia, hyperleptinemia, RAAS activation and the presence of
obstructive sleep-apnea [29]. Finally, it is said that other central obesity indices, such as
the waist-to-hip ratio, may be a superior predictor of obesity-related cardiometabolic risk
than BMI. However, using the waist circumference we obtained results similar to those
obtained with body weight. There are several relevant strengths. Most of the results
reported here refer to patients with confirmed normal 24 h BP, except for a small proportion
of never-treated hypertensives or patients who did not change antihypertensive treatment
throughout the study. This is of high relevance because it emphasizes that in patients
with severe obesity there are subtle structural alterations, even below the cutoff values
accepted as normality, which improve after BS, indicating a possible higher cardiovascular
risk for to this otherwise normotensive population. Moreover, we want to highlight the
relative youth of this cohort, which makes the structural changes in the arteries even
more relevant. Finally, the inclusion of ACE and ACE2 in this study may contribute to
deepen the exploration of pathophysiological mechanisms on the topic we are dealing with,
although our study does not allow to establish causal relationships. These data support the
need for broader studies questioning the link of AS with RAAS to determine how sustained
weight loss reduces cardiovascular morbidity and whether treatment with RAAS inhibitors
could have an equivalent benefit.
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5. Conclusions

Severely obese patients, including normotensives, have some degree of AS that im-
proves one-month post-BS. Patients with the highest baseline PWV are less likely to im-
prove, but improvement of AS in those with higher baseline AIx@75 maintains over time.
AS changes are probably related to modifications in the RAAS, specifically to ACE and
ACE2 activities, although this possibility deserves further investigation.
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Appendix A

A.1. Angiotensin-Converting Enzyme (ACE2) Enzymatic Assay

The ACE2 fluorescent enzymatic assay protocol was performed as previously de-
scribed [17,18], using an ACE2-quenched fluorescent substrate (Mca-Ala-Pro-Lys(Dnp)-
OH, BioMol, Hamburg, Germany; Enzo, Life Sciences, Farmingdale, NY, USA). Serum
samples (2 μL) were incubated with ACE2 assay buffer [100 mM Tris·HCl, 600 mM NaCl,
10 μM ZnCl2, pH 7.5 in presence of protease inhibitors 100 μM captopril, 5 μM amastatin,
5 μM bestatin, and 10 μM Z-Pro-prolinal (from Sigma-Aldrich, St. Louis, MO, USA and
Enzo Life Sciences, Farmingdale, NY, USA)] and 10 μM fluorogenic substrate in a final
volume of 100 μL at 37 ◦C for 16 h. Serum ACE2 cleaves the substrate proportionally to
the enzyme activity. Results were obtained after subtracting the background when an
ACE2-especific inhibitor was added (0.6 μM DX600). Experiments were carried out in
duplicate for each data point. Plates were read using a fluorescence plate reader (Tecan
Infinite 200; Germany) at λex320 nm and λem400 nm. Results were expressed as RFU
(relative fluorescent units)/μL serum/h.

A.2. ACE Enzymatic Assay

The ACE fluorescent enzymatic assay was performed as previously described [19,20].
For this determination, 2 L of serum were incubated in duplicate with 73 L of reaction buffer
(0.5 M borate buffer and 5.45 M N-hippuryl-His-Leu) for 25 min at 37 ◦C. Finally, 20 mM
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of o-phthalaldehyde was added to the samples and formed a fluorescent adduct with the
enzyme-catalysed product L-histidyl-L-leucine. Fluorescence was measured at λex360 nm
and λem485 nm. Results were expressed as RFU/μL serum.

Appendix B

Adipokines and Inflammatory Parameters

Cytokine and chemokine assays with Luminex kits were used. Three Milliplex
MAP®kits from Millipore (Merck Millipore, Billerica, MA, USA) were used to test an-
alytes: a 2-plex human adipokine magnetic bead panel 1 for Adiponectin and Resistin
(#HADK1MAG-61K), a 3-plex human angiogenesis/growth factor magnetic bead panel
1 for Leptin (#HAGP1MAG-12K), and a 3-plex human cytokine/chemokine magnetic
bead panel for MCP-1 (#HCYTOMAG-60K). According to manufacturers’ instructions, all
methods were performed by the same operator. All kits supplied lyophilized standards
that were reconstituted and diluted at 7 serial concentrations (standard curves). Standards
included all recombinant analytes tested and were considered as positive controls for
the procedure. When indicated by the manufacturer, samples were diluted in assay buffer.
Twenty-five μL of sample were used to capture an analyte on analyte-specific color-coded
magnetic beads coated with capture antibodies. After the final wash, the beads were
resuspended in sheath fluid and the median fluorescent intensity (MFI) data of 50 beads
per bead set were analysed on a Luminex 200TM (Luminex Corp., Austin, TX, USA) and
Bio-Plex Manager MP software (Bio-Rad, Hercules, CA, USA). Analyte concentrations
were calculated by reference to an eight-point five-parameter logistic standard curve for
each analyte.
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Abstract: Obesity is an ever-growing public health crisis, and bariatric surgery (BS) has become a
valuable tool in ameliorating obesity, along with comorbid conditions such as diabetes, dyslipidemia
and hypertension. BS techniques have come a long way, leading to impressive improvements in the
health of the majority of patients. Unfortunately, not every patient responds optimally to BS and
there is no method that is sufficient to pre-operatively predict who will receive maximum benefit
from this surgical intervention. This review focuses on the adipose tissue characteristics and related
parameters that may affect outcomes, as well as the potential influences of insulin resistance, BMI,
age, psychologic and genetic factors. Understanding the role of these factors may help predict who
will benefit the most from BS.

Keywords: bariatric surgery; adipose tissue; metabolic outcomes

1. Introduction

Obesity is an ever-growing problem and the World Health Organization estimated
650 million people to be obese in 2016 [1]. The main cause of obesity is the overconsump-
tion of calories versus expenditure; however, other factors such as endocrine dysfunction,
genetic makeup, and sleep debt can also contribute to obesity [2]. Along with obesity comes
the burden of comorbidities, such as cardiovascular disease [3], diabetes [3], non-alcoholic
fatty liver disease (NAFLD) [4], and hypertension (HTN) [5]. Specifically, obesity doubles
the risk of HTN and triples the risk of type 2 diabetes mellitus (T2DM) in the 45–54 year old
age category [6]. There is also a high prevalence of metabolic syndrome that accompanies
obesity. Although criteria are controversial, someone is considered to have metabolic
syndrome if they have three or more of the following: abdominal obesity, dyslipidemia,
insulin resistance or hyperglycemia and HTN [7]. When compared to those of normal
weight, individuals who are overweight have a 5.5-fold higher risk and individuals with
obesity have a 32-fold higher risk of developing metabolic syndrome [8]. Despite this risk,
not all individuals with obesity develop metabolic syndrome, and there is a stark contrast
between those with “metabolically healthy” obesity verses “metabolically unhealthy” obe-
sity. These relatively new categories of obesity came to light when noticing a subgroup of
people with obesity, often early-onset, who have normal insulin sensitivity, and no signs
of metabolic syndrome; “metabolically healthy” obesity [9]. Recently, the “metabolically
healthy” obesity group has also been shown to have a decreased inflammatory state com-
pared to similar-weight controls [10], and decreased liver fat content [11]. “Metabolically
unhealthy” obesity is associated with a higher incidence of HTN, insulin resistance, and
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dyslipidemia, while “metabolically healthy” individuals with obesity have a lower risk of
these comorbidities, along with a lesser degree of adipose tissue dysfunction [12].

One particularly effective treatment for obesity and its comorbidities is bariatric
surgery (BS), which may be accomplished by various techniques such as Roux-en-Y gastric
bypass (RYGB), sleeve gastrectomy (SG), and biliopancreatic diversion with duodenal
switch (BPD) [13]. BS has been shown to be effective for achieving significant weight
loss, with an average of 28.6% total body weight loss following RYGB and 25% following
laparoscopic SG at five years post-surgery [14].

In addition to the direct benefits of weight loss, BS has been shown to decrease
the magnitude of comorbidities such as HTN [15,16] and dyslipidemia, and even cause
remission of T2DM [14,17,18]. The improvement on the three aforementioned comorbidities
after RYGB surgery has been shown to be superior to medical and lifestyle management
in a randomized controlled trial (RCT) of 120 patients [16]. Another RCT of 150 patients
showed that an endpoint of HbA1c <6% without the use of diabetes medication was met
by 29% of participants that received RYGB and by 23% who received SG, compared to only
5% for conventional medical therapy [19].

Despite huge successes in weight loss and comorbidity reduction from BS, not every
patient achieves the significant weight loss and/or metabolic improvements. Approxi-
mately 10–20% of BS patients have insufficient weight loss one year after surgery, with
excess body weight loss <40% or total weight loss <20% [20]. Additionally, even when
patients initially achieve weight loss and improvements in T2DM, these problems can
recur [21]. The challenge remains in predicting which patients will benefit most from BS.
In this review, we will be summarizing the known predictors of BS outcomes, with a focus
on the influence that adipose tissue characteristics may have.

2. Predictors of Bariatric Surgery Outcome

The success of bariatric surgery is generally evaluated based on percent total or
percent excess body weight loss (EBWL) and reduction of comorbidities such as HTN,
dyslipidemia, insulin resistance or T2DM. When attempting to predict the probability
of BS success, studies often assess the severity of obesity (BMI, waist-to-hip ratio), age,
and comorbidities at baseline. There are many other factors that are more recently being
considered, such as social and psychological factors, as well as characteristics of the adipose
tissue itself. This review focuses on adipose tissue characteristics and related parameters
that may affect outcomes as well as the potential influence of insulin resistance, BMI, age,
psychologic and genetic factors.

2.1. Adipose Tissue: Structure, Hypertrophy, Fibrosis

In obesity, as adipose tissue accommodates to caloric excess, it expands via hyper-
trophy or hyperplasia, to increase fatty acid storage [22]. This occurs in two maintain
compartments: under the skin as the subcutaneous adipose tissue (SAT) or around abdom-
inal organs as visceral adipose tissue (VAT). VAT includes the compartments of omental,
retroperitoneal and mesenteric depots, each with varying metabolic properties [23]. Expan-
sion of the visceral compartment is often associated with metabolically unhealthy obesity
and development of comorbidities, whereas predominant SAT expansion is associated with
metabolically healthy obesity [12]. Metabolic derangements and T2DM may be linked to
VAT due to the fact that it is more metabolically active, and liver dysfunction can result from
fatty acids, inflammatory cytokines and metabolites draining into portal circulation [24].
The visceral and subcutaneous fat is inherently different; subcutaneous fat confers fewer
metabolic complications and may even be less harmful than VAT [25–27]. Adding to the
complexity, even within one fat depot there are multiple subpopulations of adipocytes that
have differing metabolic and physiological properties [28].

Clearly, expansion of adipose tissue is not benign in a patient with obesity. The de-
pot of fat, along with method of expansion, has important effects on the development of
comorbidities, including metabolic syndrome. Particularly, expansion of adipose tissue
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through hypertrophy can be indicative of dysfunctional adipocytes, inflammation, and
risk for visceral adipose deposition [29]. Some studies have shown that the degree of
adipocyte hypertrophy may predict increased risk of T2DM and a lower probability of
T2DM remission after BS [30]. Hypertrophy, as opposed to hyperplasia, is also associ-
ated with worse metabolic derangements, such as dyslipidemia [31]. Thus, looking at
adipocyte hypertrophy may provide important insight into the outcome of BS, especially
in individuals with T2DM.

Additionally, during obesity, important changes occur in the extracellular matrix
(ECM) of adipose tissue. As adipose tissue expands, the ECM is degraded; however,
long-term inflammation, including macrophage infiltration [32], leads to a switch toward
fibrosis, restricting adipose expansion [33]. This limitation in adipose expansion is thought
to play a role in increasing visceral adipose deposition. Specifically, individuals with obesity
show increased fibrosis [34] and expression of ECM component genes (such as various
integrins, collagens, glycosaminoglycans and proteoglycans) in SAT compared to lean
controls, along with a similar trend in liver fibrosis [35]. This may be mediated by a shift in
adipocyte precursor population to a CD9+ phenotype, which has a pro-fibrotic effect [36].
There is, however, some evidence to show that fibrosis is not purely maladaptive, as VAT
fibrosis may be protective against adipocyte hypertrophy and the consequent metabolic
derangements, such as T2DM [37]. A study of 82 individuals undergoing BS found that
SAT and VAT ECM deposition was decreased in both VAT and SAT of patients with T2DM,
when observed by sirius red staining [37]. Consistent with the possible protective role of
fibrosis, this study found that VAT fibrotic gene expression was decreased among diabetic
patients, with a correlation to HbA1c levels [37]. Fibrosis may also be harmful, as another
study of 65 patients found that those with increased SAT fibrosis had poorer fat mass loss
percentage after RYGB surgery [31]. It is possible that despite fibrotic VAT’s protective effect
on T2DM, there remains a detriment to weight loss following BS due to dysfunctional ECM
remodeling. Overall, the fibrotic response may be indicative of the degree of inflammation
and metabolic dysregulation, helping to predict outcomes after BS.

Changes in the adipose tissue architecture and lipid composition do occur after BS.
One month following RYGB, patients’ VAT was found to have decreased fat fraction
and increased T1 relaxation time on MRI in comparison to before surgery [38]. The
T1 time is negatively correlated with fat content [39], showing that this may be a more
nuanced measurement to take into account aside from adipose tissue mass, especially in
regards to visceral adiposity. As soon as four weeks after BS, SAT adipocyte size has been
shown to decrease significantly, along with a decrease in E2F1 expression, a marker of
proliferation [40]. Interestingly, another study has shown that the number of adipocyte
precursor cells is increased following BS and weight loss as compared to pre-BS, where
numbers of precursors are often low in patients with obesity [41]. At two years post-RYGB,
women’s fat cell volume was more closely associated with improved insulin sensitivity
than reduction in fat mass [42]. This shows that the remodeling of the adipose tissue
through fat content and adipocyte size may be a useful indicator of underlying metabolic
changes, possibly returning the tissue to a metabolically healthy state. Associated changes
may also occur in the ECM, as there is decreased expression of ECM component genes
and increased expression of ECM degradation pathways (such as via metallopeptidases)
in patients three months post-BS when compared to pre-operative levels [35]. Although
gene expression shows anti-fibrotic changes after weight loss, there is debate as to whether
existing fibrosis is reversible or not [35].

2.2. Adipose Tissue: Inflammatory Response

Numerous metabolic and inflammatory changes occur within expanding adipose
tissue in a patient with obesity, which may contribute to development of comorbidities,
including metabolic syndrome. As a result of the stress-induced changes, obesity has come
to be considered a form of chronic inflammatory disease, driven by the close interactions
of adipocytes and adipose tissue macrophages (ATM) [43]. These changes in adipose
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tissue are significant, and it is of interest to find out whether the varying inflammatory
phenotypes of adipose tissue correlate to the varying outcomes of BS procedures.

Expansion of adipose tissue can lead to tissue hypoperfusion and hypoxia [44]. This
makes hypoxic markers a promising area of research for predicting adipose tissue dys-
function. This hypoxia and adipose tissue stress causes a change in released adipokines,
becoming more pro-inflammatory via IL-1β, IL-6, TNF, IL-8, leptin, resistin and MCP-1 [45].
This causes the recruitment of monocytes and as obesity progresses, ATM have been shown
to progress from predominantly M2 to M1 type, assuming a more pro-inflammatory phe-
notype [46]. Aside from M1 and M2, some macrophages may take on an entirely different
phenotype in obesity, the metabolically activated macrophage, which contributes to both
inflammation and clearance of dead adipocytes [47].

The overall increase of inflammatory cytokines, as mentioned above, contributes to
insulin resistance through a variety of mechanisms [48]. Specifically, expression of IL-6
from adipose tissue is elevated in obesity, with a threefold higher expression in omental
fat as opposed to subcutaneous fat [49]. IL-6 can induce expression of C reactive protein
(CRP), which are together used as clinical markers of inflammation and risk of T2DM
development, independent of obesity [50,51]. TNF-α, produced by macrophages, has also
been targeted as a link between obesity and insulin resistance, as a TNF-α antagonist
Etanercept causes improvements in fasting blood glucose levels in obese individuals with
metabolic syndrome [52]. TNF-α has also been shown to be an antagonist of GLUT4, a key
mechanism of glucose uptake in response to insulin [53]. Additionally, MCP-1 expression
has been shown to be elevated in SAT in obese individuals [54], along with elevations in
those with T2DM without obesity [55]. MCP-1 likely has a direct role in insulin resistance,
as mouse models with MCP-1 deletions are protected from high-fat diet induced insulin
resistance and have less macrophage infiltration in adipose tissue [56]. However, MCP-1
may have broad-reaching affects, as MCP-1 knockout mice also had protection from hepatic
steatosis during high-fat diet induced obesity [56]. Taken together, markers of inflammation
along with insulin resistance measurements may help to predict chance of T2DM remission
and outcomes after BS.

Many changes have been seen to occur in the inflammatory response following BS.
At the tissue level, there is a decrease in subcutaneous ATMs after BS and weight loss,
with an increase in IL-10 cytokine expression, signaling a shift to an anti-inflammatory
M2 phenotype [57]. Multiple studies have shown a decrease in M1 and increase in M2
macrophages [58] appearing within three months post-BS [59]. However, the omental
adipose tissue macrophages are likely the most important to assess, as they may be largely
responsible for metabolic derangements. Cancello et al. found twice the number of ATMs
in omental versus subcutaneous fat, with only omental macrophage counts correlating to
insulin resistance and hepatic fibroinflammatory lesions [60]. Another contributing factor to
the inflammatory profile improvement after BS is that hypoxic dysfunction of adipose tissue
was shown to be reduced, including a reduction in hypoxic marker HIF-1α, macrophage
chemo-attractants (MCP-1, CSF-3, PLAUR), and macrophage numbers [57]. On a systemic
level, a meta-analysis of 116 studies showed that circulating levels of inflammatory markers
like IL-6, TNF-α, and CRP significantly decreased following BS, which is in line with other
studies on traditional weight loss [57]. Therefore, the reduction in inflammation following
BS may be a product of the weight loss rather than the surgery itself [61,62].

The change in adipose tissue mass and degree of inflammation post-BS may be pre-
dicted by pre-surgical systemic and adipose-specific markers. When looking at predicting
BS outcome, higher pre-operative systemic CRP levels have been shown to be associated
with increased weight loss post-BS [63]. Another study found that high hs-CRP in women
is able to predict the degree of reduction in visceral fat area one year post-surgery [64].
In general, a study of 37 patients undergoing BS found that an increase in adipose tissue
inflammatory response (as measured by CD11b and IL-10 mRNA expression in adipose
tissue) was associated with lower BMI loss after BS [65]. When looking broadly at the
level of the serum proteome, Wewer Albrechtsen et al. found that 88 proteins changed
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significantly from baseline when measured again one week after surgery [66]. Many
of the implicated proteins are important in inflammatory processes (complement, acute
phase proteins, CRP) or lipid homeostasis [66]. Some proteins showed changes up to two
years later, which may illustrate the difference between rapid surgery-induced effects and
long-term weight loss-induced effects. Although the changes of inflammatory markers in
response to BS have been researched, the role for many of these markers in predicting BS
outcomes remains to be studied. Certain markers, such as circulating hs-CRP and tissue
IL-10, may be implicated in predicting BS response, but there remains large potential for
research regarding the use of inflammatory markers.

2.3. Adipose Tissue: Adipokine Dysregulation

As adipose tissue expands in obesity, the cells experience hypertrophy, along with
oxidative and inflammatory stressors. This leads many individuals with obesity to experi-
ence altered adipokine secretion from adipose tissue, which can have far-reaching effects
on the body and metabolism. In Table 1, we will briefly review the function of the main
adipokines and their relationship to metabolic syndrome, followed by the effect of BS.

Table 1. Adipokines implicated in obesity and changes noted post-bariatric surgery (BS).

Adipokine Role in Obesity Pathogenesis Changes after BS

Leptin

• ↑ with degree of adiposity [67], signals hypothalamus to ↑
energy expenditure, ↓ hunger [68].

• Pro-inflammatory effect on macrophages (increased TNF-α
and IL-6), induces a Th1 cell inflammatory phenotype,
releasing IL-2 and IFN-γ [50].

• Leptin resistance may occur in obesity, for a variety of
reasons [69–71].

• Patients with increased circulating leptin pre-BS have
increased weight loss post-BS [64]. However, other smaller
studies have not found the same association [72].

↓ systemic leptin concentrations
following various types of BS and weight

loss [58,73].

Adiponectin

• Functions in anti-apoptotic signaling, ↓inflammation,
↓insulin sensitivity [74]. ↓macrophage activation, ↑IL-10
production [50].

• Levels are inversely correlated with adiposity [75] and
degree of dysfunction in adipocytes [76].

• Serum adiponectin <4.0 μg/mL greatly increases the
likelihood of metabolic syndrome [77], can also be correlated
with probability of developing T2DM [78].

• Study of BS recipients (n = 1570) found that pre-BS
adiponectin levels were not useful in predicting BS
outcomes [79].

↑ circulating adiponectin within three
months post-BS [80].

↑ adiponectin adipose tissue expression
with levels similar to normal weight

controls within two years post-BS [81].

Resistin

• ↑IR, ↑hepatic glucose production, ↑inflammation (via
monocyte secretion of IL6, TNF) [50].

• Role in IR due to its stimulation of SOC3 expression, which
inhibits insulin signaling in the adipocyte [82]

• Some studies show levels to be predictive of T2DM
progression [83,84], where others have shown it to be
associated with increased BMI rather than insulin
resistance [85,86].

• Inflammatory role-correlates with circulating CRP, IL-6 and
TNF-α levels in patients with inflammatory diseases or
T2DM [87].

• Dyslipidemia—positive correlation with VLDL, and
negative with HDL [87].

↓ in SAT expression 12 months post-BS
[81]. However, results are conflicting [73].
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Table 1. Cont.

Adipokine Role in Obesity Pathogenesis Changes after BS

Retinol Binding
Protein 4 (RBP4)

• Main protein to which retinol (vitamin A) binds to in serum,
produced by liver and adipose tissue.

• ↑IR, which may be due to RBPP4’s negative correlation with
GLUT4, which is necessary to import glucose into cells to be
metabolized [88]

• ↑ Serum levels in obesity, associated with metabolic
syndrome and T2DM [89].

• Adipose tissue expression levels associated with ↑ BMI,
waist circumference, circulating RBP4 and HOMA IR [90].

• Dysregulated levels (high or low) are predictive of T2DM
risk, independent of BMI [91].

↓ RBP4 in 12 months following BS, with a
correlation to decreases in fasting glucose,

serum triglycerides, and weight [92].

Along with the aforementioned adipokines in Table 1, many others have been stud-
ied and shown to have dysfunctional expression in obesity. These include visfatin [93],
chemerin, lipocalin-2 [94], CXCL5, IL-18, and NAMPT [50], among others. Another area of
interest regarding adipose tissue is that white adipose tissue, typically seen in obesity, [95]
can change its phenotype into brown-like adipose tissue, called beige/brite adipose tissue,
which is associated with improvements in IR, reduction in blood glucose and increased
resting energy expenditure [96–98]. The increase in thermogenic capacity is mediated by
UCP1 (uncoupling protein 1) [99,100], which is highly induced in brown-like adipocytes
and expressed in the inner membrane of the mitochondria [95]. The transcription of UCP1
requires critical co-activators, specifically PCG1-α and PPARγ which commit the cells
to thermogenesis [101,102]. This is of interest as recent research showed a decrease in
functional brown adipose tissue in obesity [103].

In summary, analysis of adipokine levels pre-operatively may give insight into the de-
gree of metabolic derangement and inflammation that is present in patients undergoing BS,
while post-operative measures may track improvement in metabolic parameters. Although
some adipokines have been shown to aid in BS outcome prediction as mentioned above,
the role of others remains unclear.

2.4. Insulin Resistance and Type 2 Diabetes Mellitus

T2DM is a common phenomenon in individuals with obesity, as there is an association
between obesity and insulin resistance in skeletal muscle, liver, and adipose tissue [104],
along with pancreatic beta cell dysfunction [105]. T2DM remission often occurs after BS,
especially from surgeries with a malabsorptive component; the highest remission rates
occur after BPD (95%) and second-highest from RYGB (75%) [106]. However, remission
after surgery is less likely in patients with poor glycemic control and increasing time
since diabetes diagnosis, likely due to more extensive pancreatic beta cell damage and
dysfunction [19,107].

A common clinical test for insulin resistance is the homeostatic model assessment
for insulin resistance (HOMA-IR). HOMA-IR is generally increased in individuals with
increased weight or obesity, and it is associated with T2DM and cardiometabolic complica-
tions [108]. In those with obesity, high HOMA-IR is also associated with steatosis and liver
fibrosis [109]. Additionally, the probability of T2DM remission in the long and short term
after RYGB surgery can be estimated with a DiaREM score, taking into account age, HbA1c
and diabetes medication use [110,111]. Through predicting insulin resistance severity, these
scores may help predict BS-related improvements in glycemic control.

Within one week after RYGB, before significant weight loss, patients experience
improvements in glucose homeostasis [112]. This may be attributed to hepatic insulin
sensitivity increase, as seen in one study measuring this via basal glucose and basal
hepatic insulin sensitivity index [112]. Quick changes in insulin sensitivity following
surgery may be due to calorie restriction after surgery, leading to reduced hepatic fat
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and subsequent insulin sensitivity increases [112,113]. Within one week, there are also
increases in postprandial GLP-1 secretion, which enhances pancreatic beta cell function
by stimulating insulin release [114]. One study using diet-induced obese rats found that
the response to GLP-1 agonists has been shown to predict the efficacy of RYGB on glucose
tolerance [115]. A recent study in T2DM individuals undergoing RYGB surgery found
that those who experienced T2DM remission one year post-RYGB had significantly higher
pre-RYGB GLP-1 concentrations [116]. However, research is limited and the degree in
which GLP-1 predicts metabolic success post-RYGB is still contested [117]. In addition
to GLP-1, HOMA_IR score has also been shown to decrease as soon as two weeks after
surgery [118]. In the longer term, peripheral insulin resistance has been shown to improve
by three months post-BS [119]. This may be mediated in part by continually decreasing
intramyocellular fat [120], causing increased insulin sensitivity of skeletal muscle [121].
In another study, MRI analysis showed hepatic fat was reduced below the pathological
range by six months and pancreatic fat 12 months post-BS, further explaining the long-
term improvement in insulin resistance [122]. The beneficial effects of BS on the liver
extend past insulin resistance, as a meta-analysis of 15 studies found that non-alcoholic
steatohepatitis was resolved in 69.5% of cases and steatosis was improved in approximately
91.6% of cases [123]. There is evidence that surgeries with a malabsorptive component,
such as RYGB, have better outcomes in terms of diabetes remission and improved HOMA-
IR score than simply restrictive surgery in both short and long term [19,124–127]. In
summary, there appears to be a role for using diabetes status and time since diagnosis to
predict remission following BS, but its role in predicting weight loss and other metabolic
parameters following BS remains to be studied.

2.5. BMI, Pre-Operative Weight Loss

Pre-operative BMI does seem to be an important predictor of BS results. Using a
database of over seventy-thousand BS recipients, pre-operative weight has been shown
to account for a large portion, approximately 18.5%, of the variation seen in weight loss
post-BS [128]. Additionally, a meta-analysis has shown that many studies observed a
lower EBWL percentage in those with a higher pre-operative BMI [129]. These results
may be due to the fact that those with higher BMI are more likely to have the burden of
comorbidities [130], including metabolic syndrome [8]. Along with BMI, surgery type is a
major predictor of weight loss outcomes, explaining approximately 44.8% of the variability
in a study of patients receiving RYGB, adjustable gastric band, or SG [128]. Evidently, BMI
may be a major predictor in explaining BS outcome, and together with surgery type, these
factors may explain a large portion of outcome variability.

The use of preoperative weight loss as a mandatory criterion before BS is a widely
debated topic, with evidence for and against its utility. A study of the Swedish national
registry for BS (n = 9570) found that there was a strong positive association between pre-
and post-operative weight loss, especially in those in the highest BMI quartile [131]. Other
studies saw similar data, such as a study of 884 patients undergoing RYGB that found those
who achieved 10% EBWL preoperatively, were more likely to attain the goal of 70% EBWL
post-BS [132]. A recent study of 355 RYGB or SG recipients asked patients to maintain a low
calorie diet with the goal of 8% EBWL for four weeks before BS [133]. Those who achieved
≥8% EBWL had significantly greater EBWL at three, six and twelve months post-BS than
those who did not achieve 8% EBWL pre-operatively [133]. Although many studies show
a positive association between pre- and post-operative weight loss, it is difficult to tease
out the impact of the pre-operative weight loss itself versus individual reactions to caloric
restriction, along with the surgical candidate selection factors associated with mandatory
preoperative EBWL.

2.6. Age

Along with the aforementioned factors, the age of the patient has been shown to
have an effect on BS outcomes. In addition to having a negative impact on weight loss,
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higher age carries a higher risk of intraoperative and post-operative complications, which
must be factored into the risk-benefit analysis of recommending BS. Some studies have
reported significantly more complications in the older age group compared to those below
60 [134]. However, a recent study on more than three thousand patients undergoing RYGB
or laparoscopic SG found no increase in intra-operative or post-operative complications for
the 60+ age group [135]. Other studies have also found that EBWL is negatively affected
by increasing age, including a study of more than thirteen-hundred patients aged 18–65
undergoing RYGB or SG [136].

2.7. Psychological Factors

Although many predictors of surgery outcome are not modifiable, some of the psy-
chiatric conditions that correlate with poor outcome can be controlled and ameliorated
before surgery. Patients with psychiatric disorders before SG surgery, such as personality
disorders, adjustment disorders or depression, have been shown to have worse outcomes
than those without mental illness [137]. Importantly, worse outcomes have been shown
even in individuals with past mood disorders and no current episode, highlighting the
possible role of additional treatment and social support before and after surgery in any
patient with current or past mental health concerns [138].

2.8. Genetic Factors

Recently, studies have begun to look at how an individual’s genotype may be able
to predict their response to BS. Many genome wide association studies have shown that
there are hundreds of heritable genes that correlate with phenotypes such as waist-to-hip
ratio and BMI [139]. Some alleles are even associated with a more metabolically healthy
obese picture, with decreased comorbidities such as HTN, T2DM and heart disease [140].
When trying to analyze whether single nucleotide polymorphisms (SNPs) are associated
with weight loss after RYGB, a genome wide association study by Rinella et al. found
that genetic variants clustering around the genes of PKHD1, HTR1A, GUCY1A2, NMBR,
KCNK2 and IGF1R may be implicated [141]. These genes have previously been related
to biological processes such as appetite, lipid and glucose homeostasis and early onset
obesity [141]. Similar results were seen in a study by Aasbrenn et al. [142]. Paradoxically,
Aasbrenn et al. also noticed that individuals genetically predisposed to “slimness” experi-
enced significantly poorer weight loss after surgery, possibly signaling social rather than
biological causes of obesity in these patients [142]. In the future, genetic testing for SNPs
may be used to predict a portion of one’s variable outcome after BS.

3. Conclusions

BS and the associated weight loss improve many metabolic and inflammatory param-
eters associated with changes in adipose tissue, adipokine expression, inflammatory profile
and glucose/lipid homeostasis. The adipose tissue phenotype itself is very closely linked
to the comorbidities that develop in individuals with obesity and their response to BS.
Among pre-BS factors that may predict outcomes post-BS, those that have been found to be
significant from the adipose tissue are VAT/SAT fibrosis, circulating CRP, Cd11b and IL10
adipose tissue mRNA levels, and possibly circulating leptin. In addition, other significant
factors include diabetes status and time since diagnosis, pre-operative weight loss, age
and psychological disorders. There may be other factors that can predict post-BS response,
including a variety of adipokines and inflammatory markers (both circulating and ex-
pressed in adipose tissue), but further studies will be required in order to determine their
significance. In the future, clinicians can use pre-operative data to better predict patient
outcomes post-BS, as well as determine the optimal treatment plan for their patients.
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Abstract: Bariatric surgery has emerged as an effective treatment option in morbidly obese patients
with non-alcoholic fatty liver disease (NAFLD). However, worsening or new onset of non-alcoholic
steatohepatitis (NASH) and fibrosis have been observed. Caspase-cleaved keratin 18 (ccK18) has been
established as a marker of hepatocyte apoptosis, a key event in NASH development. Thus, ccK18
measurements might be feasible to monitor bariatric surgery patients. Clinical data and laboratory
parameters were collected from 39 patients undergoing laparoscopic Roux-en-Y gastric bypass at
six timepoints, prior to surgery until one year after the procedure. ccK18 levels were measured
and a high-throughput analysis of serum adipokines and cytokines was carried out. Half of the
cohort’s patients (20/39) presented with ccK18 levels indicative of progressed liver disease. 21% had
a NAFLD-fibrosis score greater than 0.676, suggesting significant fibrosis. One year after surgery, a
mean weight loss of 36.87% was achieved. Six and twelve months after surgery, ccK18 fragments
were significantly reduced compared to preoperative levels (p < 0.001). Yet nine patients did not show
a decline in ccK18 levels ≥ 10% within one year postoperatively, which was considered a response
to treatment. While no significant differences in laboratory parameters or ccK18 could be observed,
they presented with a greater expression of leptin and fibrinogen before surgery. Consecutive
ccK18 measurements monitored the resolution of NAFLD and identified non-responders to bariatric
surgery with ongoing liver injury. Further studies are needed to elicit the pathological mechanisms
in non-responders and study the potential of adipokines as prognostic markers.

Keywords: non-alcoholic fatty liver disease; NAFLD; NASH; keratin 18; cytokeratin 18; M30; gastric
bypass; non-invasive biomarkers

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of
metabolic syndrome. It comprises a spectrum of diseases from simple steatosis to nonalco-
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holic steatohepatitis (NASH), cirrhosis of the liver and complications such as hepatocellular
carcinoma (HCC) [1,2]. NAFLD is extremely prevalent and its importance in the etiology of
liver failure, HCC, and liver transplantation is increasing rapidly [3,4]. Although numerous
studies have delineated the complex pathophysiological mechanisms of NAFLD in past
decades, no approved drug treatment is available yet [5]. Established therapeutic concepts
remain limited to the treatment of underlying metabolic dysregulations. Herein, bariatric
surgery has emerged as an effective intervention in morbidly obese patients [6–8]. Inter-
national guidelines and guidance statements recommend considering bariatric surgery, if
lifestyle interventions fail [9–12].

Conversely, NAFLD is particularly common among patients undergoing bariatric
surgery [13–15]. Thus, hepatologic counseling is needed for timely diagnosis, patient
monitoring, and treatment optimization. This seems especially important in the context of
the worsening or new onset of NAFLD, which has been observed in bariatric surgery trials.
A recent meta-analysis found such a response in 5%–20% of patients [8]. Yet the concepts of
these clinical trials rely on repeated liver biopsies. Although currently considered the gold
standard in the diagnosis of NAFLD, risks and cost of the procedure and shortcomings
of the technique itself (e.g., sampling error and interrater variability) forbid a widespread
application in everyday clinical practice. Therefore, non-invasive biomarkers are needed to
enable hepatologic surveillance, especially in bariatric surgery patients.

Among many potential candidates, caspase-cleaved keratin 18 (ccK18) is deemed
a promising novel biomarker. During hepatocyte apoptosis, ccK18 fragments enter the
bloodstream, allowing their detection by the M30 enzyme-linked immunosorbent assay
(ELISA) [16,17]. Thus, elevated ccK18 levels were linked to chronic liver disease [18,19]
and–as it became evident that apoptotic hepatocytes are a major pathophysiological feature
of NAFLD–ccK18 was studied extensively as a non-invasive biomarker for NAFLD [20–27].
Thus far, a fair diagnostic accuracy has been demonstrated and ccK18, alone or in combined
biomarker panels, is expected to enter clinical practice soon [28,29]. The marker’s respon-
siveness following an intervention has been shown both after pharmacologic interventions
and diet-induced weight loss [30–32]. In conclusion, ccK18 measurements might be a
feasible way to monitor the disease progression in bariatric surgery patients.

We aimed to evaluate the use of ccK18 as a biomarker for NAFLD in the follow-up of
a cohort undergoing bariatric surgery. We aimed to elucidate (1) the prevalence of NAFLD,
based on ccK18 levels and established fibrosis scores, before and after surgery, (2) the
natural history of ccK18 levels after bariatric surgery, and (3) whether inconsistencies in
the response to bariatric surgery occur and if the addition of ccK18 to a standard follow-up
laboratory panel might enable the prediction thereof.

2. Materials and Methods

2.1. Patients

Clinical data and serum samples were collected from consecutive patients undergoing
laparoscopic Roux-en-Y gastric bypass (RYGB) at the Obesity Center at the University
of Giessen, Germany. The decision for bariatric surgery was made in accordance with
current guidelines, requiring a body mass index (BMI) > 40 kg/m2 (or 35 kg/m2 and type
2 diabetes mellitus), the failure of conservative weight loss efforts, and the absence of
contraindications. Prior bariatric surgery led to the exclusion of patients from the current
study. A medical history was obtained and patients were examined. Informed consent
was obtained from all patients. The study was approved by the local ethics committee at
the Justus Liebig University (AZ 60/16) and conducted in accordance with the declaration
of Helsinki.

176



J. Clin. Med. 2021, 10, 1233

2.2. Surgery

The RYGB procedure was carried out by a single experienced surgeon at a single
tertiary care center, embedded in a multidisciplinary treatment regimen. Gastric bypass
and simultaneous fundectomy followed by a circular gastrojejunostomy were performed.
An 8–10 cm pouch was created, and lengths of the biliopancreatic and alimentary limb
were set to 70–90 cm and 140–160 cm, respectively.

2.3. Data Acquisition

Data were collected at six time points: several days prior to the surgery, 1–3 days after
the surgery, 1, 3, 6 and 12 months postoperatively. Each time, anthropometric measure-
ments and a routine laboratory panel were performed. Additional serum samples for the
quantification of ccK18 levels were either drawn in clinic visits or provided by the Institute
of Laboratory Medicine. At two timepoints, prior to the surgical procedure and six months
after, blood samples were collected after a standard meal in addition to fasting samples.

2.4. Quantification of Serum ccK18 Levels

ccK18 levels were measured utilizing the Peviva® M30 Apoptosense® ELISA Kit
(TECOmedical, Sissach, Switzerland). All measurements were performed in duplicate,
according to the manufacturer’s instructions. Concentrations were determined using
an Infinite® 200 Pro microplate reader with Magellan™ data analysis software (TECAN,
Männedorf, Switzerland), applying a four-parameter logistic regression.

2.5. Definition of Responders and Non-Responders to Bariatric Surgery

A reduction of ccK18 levels ≥10% one year after the RYGB procedure when compared
to preoperative levels was defined as response to bariatric surgery. Responders and non-
responders were compared during data analysis after the allocation was performed based
on serum ccK18 levels.

2.6. Proteome Profiling

Human Adipokine and Cytokine Array Kits (ARY024 and ARY005B, R&D Systems,
Minneapolis, MN, USA) were used to test pooled serum samples of responders and
non-responders to bariatric surgery (n = 9 per group) before and one year after surgery.
Experiments were performed and mean grey values retrieved as described earlier [33]. For
each analyte, the expression relative to positive control dots as well as the difference of
relative expressions preoperatively and one year postoperatively were calculated.

2.7. Statistical Analysis

Data collection, calculation of scores, and descriptive statistics were performed using
SPSS Statistics, version 25 (IBM Corp., Armonk, NY, USA). Further statistical analysis
was performed using Prism 8 for macOS, version 8.4.3 (GraphPad software, La Jolla, CA,
USA). A fitted mixed effect model, accounting for the repeated measures design, using the
Geisser-Greenhouse correction, was applied to evaluate the changes in readout parameters
in all patients over time. For the comparison of responders and non-responders to bariatric
surgery, two-way ANOVA was used for each individual timepoint. Sidak’s multiple
comparisons test was applied in all cases. The significance level α was set to 0.05.

3. Results

3.1. Preoperative Assessment of the Study Population

39 patients were included in the present study. Table 1 summarizes the baseline
patient characteristics. The majority of participants was female, ranging from age 23 to
60. All of them were morbidly obese (BMI > 40 kg/m2) with a mean BMI of 51.94 kg/m2

before surgery. None of the patients had an established diagnosis of chronic liver disease.
However, considering the additional moderate to high prevalence of diabetes mellitus or
preconditions of impaired glucose tolerance, hyperlipidemia, and elevated liver transami-
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nases (Table 1), our study population comprises major risk factors, especially for NAFLD.
In fact, about half of the patients (20/39) presented with ccK18 levels that have been
proposed indicative of progressed liver disease (>200 U/l) [18,24,25]. In order to further
characterize our study population and evaluate the likelihood of advanced fibrosis, we
applied established non-invasive biomarkers of liver fibrosis. While few or no patients
exceeded the cutoff for the APRI or FIB-4 index [34,35], about 21% of the participants
had a NAFLD-fibrosis score (NFS) greater than 0.676, suggesting significant (stage 3–4)
fibrosis [36].

Table 1. Baseline parameters of the full cohort before and one year after surgery.

Preoperative
(n = 39)

1 Year
(n = 39)

p
(Adjusted)

Demographic
Age (year) 39.44 (23 to 60)
Female sex 35 (90%)

Anthropometric
BMI (kg/m2) 51.94 (41.56 to 61.85) 32.64 (17.88 to 54.37) <0.001

Body weight (kg) 146.54 (111.7 to 190.5) 91.84 (61.3 to 125) <0.001
Total Body Weight Loss (%) 36.87 (17.88 to 54.37)

Excess Weight Loss † (%) 71.89 (38.64 to 105.29)

Metabolism
HbA1c (%) 6.19 (4.7 to 9.6) 5.29 (4.5 to 6.7) <0.001

Diabetes mellitus 10 (31%) 2 (5%)
LDL cholesterol (mg/dl) 129.65 (53 to 233) 91.92 (20 to 153) <0.001
HDL cholesterol (mg/dl) 46.32 (27 to 87) 50.79 (17 to 95) 0.021

Serum triglycerides (mg/dl) 173.12 (58 to 751) 88.1 (44 to 253) <0.001
CRP (mg/l) 17.72 (2.09 to 146.61) 1.87 (0.5 to 14.6) 0.004

Liver-related
Log ccK18 (U/l) 2.37 (2.01 to 3.17) 2.09 (1.64 to 2.62) <0.001
ccK18 > 200 U/l 20 (51%) 5 (13%)

ALT (U/l) 41.03 (11 to 126) 36.15 (10 to 186) 0.914
AST (U/l) 31.15 (10 to 136) 23.44 (8 to 137) 0.285

Alkaline Phosphatase (U/l) 77.44 (48 to 114) 82.74 (43 to 270) 0.836
GGT (U/l) 41 (9 to 162) 23.26 (6 to 279) 0.280

Bilirubin (mg/dl) 0.49 (0.3 to 1) 0.58 (0.2 to 1.5) 0.024
Albumine (g/dl) 4.29 (3.61 to 5.1) 4.41 (3.92 to 5) 0.213

Significant fibrosis?
NFS −0.24 (−3.01 to 2.78) −2.36 (−5.44 to 0.4) <0.001

NFS > 0.676 8 (21%) 0
APRI 0.29 (0.06 to 0.99) 0.24 (0.05 to 1.25) 0.576

APRI > 0.7 2 (5%) 1 (3%)
FIB-4 0.71 (0.23 to 1.67) 0.63 (0.21 to 1.51) 0.311

FIB-4 > 3.25 0 0

Data are presented as Mean (range) or n (%) † Excess weight was calculated relative to BMI = 25. BMI, Body Mass Index; LDL, Low
Density Lipoprotein; HDL, High Density Lipoprotein; CRP, C-reactive protein; ccK18, caspase-cleaved keratin 18 (M30); ALT, alanine-
aminotransferase; AST, aspartate-aminotransferase; GGT, gamma-glutamyl-transferase; NFS, NAFLD fibrosis score; APRI, aspartate-
aminotransferase to platelet ratio index.

3.2. Roux-en-Y Gastric Bypass Induced Severe Weight Loss and Improved the Patient’s
Metabolic State

Following bariatric surgery, all patients showed a steady loss of body weight
(Figure 1A,B). One year after surgery, a mean total body weight loss (TBWL) of 36.87%
(95% CI: 34.16%–39.57%) and an excessive weight loss (EWL) of 71.89% (66.87%–76.91%)
were achieved (Table 1). The mean BMI was 32.64 (95% CI 31.38–34.1). The success of
bariatric surgery was consistent throughout the entire patient collective, and the minimum
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TBWL was 17.88%. Metabolic parameters, such as HbA1c, LDL-cholesterol, and serum
triglycerides significantly improved as consequence of the intervention (Table 1).

Figure 1. Roux-en-Y gastric bypass led to decreased body weight and caspase-cleaved keratin
18 levels. (A) Following the bariatric surgery, patients consistently lost weight with a mean total body
weight loss (TBWL) of 37% after one year. Mean (line) and 95% confidence interval (colored area)
are shown. (B) The reduction in body weight, affecting all included patients, was highly significant
12 months postoperatively when compared to preoperative levels (p < 0.001). (C) Caspase-cleaved
keratin 18 (ccK18) fragments were measured utilizing a M30 enzyme-linked immunosorbent assay.
Serum levels decreased significantly within 6 months after the procedure. Mean (line) and 95%
confidence interval (colored area) are shown. (D) The individual course of ccK18 levels was, however,
heterogenous among our cohort. A fitted mixed effect model was applied.

3.3. ccK18 Levels Decreased within Six Months after Surgery

To monitor the development of ccK18 levels after RYGB, we collected additional blood
samples at six time points–several days before until one year after the surgery. Fasting
blood samples were not required to obtain reliable ccK18 results. The coefficient of variation,
comparing fasting and non-fasting blood samples at two time points (8.15% and 8.68%),
undercut the inter-assay variability given by the manufacturer (<10%, see Supplementary
Figure S1). Interestingly, the ccK18 levels we obtained followed a lognormal distribution,
thus their respective logarithms were used for further analysis. During the first month
after bariatric surgery, no alterations in mean ccK18 levels could be observed (Figure 1C).
At both six and twelve months, ccK18 fragments were significantly reduced compared to
preoperative levels (p < 0.001). Thereby, the natural history of ccK18 after bariatric surgery
was distinct from other parameters of liver cell damage, such as alanine-aminotransferase,
aspartate-aminotransferase, or gamma-glutamyl-transferase (GGT), which showed an
initial increase subsequent to surgery, followed by a quick decline (Figure S2). One year
after RYGB, only five out of the 39 patients had ccK18 levels greater than 200 U/l (Table 1).
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3.4. The Response to Bariatric Surgery Was Inconsistent among Patients

Evaluating the individual courses of serum ccK18 levels, not all patients responded
to the procedure with a reduction of ccK18 levels (Figure 1D). This observation falls in
line with previous biopsy-controlled studies, which reported a worsening or new onset of
NAFLD in 5%–20% of patients following bariatric surgery [8]. In our cohort, the reduction
of ccK18 was not associated with total body- (r = 0.32, p = 0.05, Figure 2A) or excessive
weight loss (r = 0.12, p = 0.462, Figure 2B). On the contrary, a rather modest weight
loss of 20% was sufficient to induce the regression of ccK18 levels in some patients. To
further investigate this issue, we categorized patients into two groups: A decrease in ccK18
levels by 10% or more one year after surgery when compared to preoperative values was
considered a response to treatment. Out of the 39 patients analyzed, 30 met this criterium
(Figure 2C). We compared those to the remaining nine patients, which were considered
non-responders, to investigate whether the addition of ccK18 levels to a clinical follow-up
including routine laboratory parameters could predict the eventual outcome. The results
are summarized in Table 2. Preoperative serum triglyceride levels were greater in patients
showing a response to bariatric surgery (+42.33 mg/dl, 95% CI 1.4–83.25 mg/dl, p = 0.036).
In the one-year follow-up, non-responders presented with significantly higher mean GGT
(+44.3 U/l, 95% CI 21.21–67.39 U/l, p < 0.001).

Figure 2. Consecutive ccK18 measurements identified non-responders to bariatric surgery. The
individual changes in ccK18 levels during the one-year follow up (ΔccK18) were neither associated
with (A) total body weight loss (r = 0.32), nor with (B) excessive weight loss (r = 0.12). Excessive
weight loss was calculated relative to a body mass index of 25. Spearman’s correlation coefficient
was applied. Panel (C) shows a waterfall plot, depicting the individual change in ccK18 levels
12 months after surgery, compared to preoperative values, for each patient. While most patients
experienced a decline, some presented unaltered or even increased ccK18 levels. For further analysis,
we categorized patients into “Responders” and “Non-Responders”, defining response as a decline in
ccK18 levels ≥ 10% one year postoperatively.
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Table 2. Comparison of responders and non-responders before and one year after surgery.

Preoperative 1 Year

Responders
(n = 30)

Non-Responders
(n = 9)

p
(Adjusted)

Responders
(n = 30)

Non-Responders
(n = 9)

p
(Adjusted)

Demographic
Age (year) 39.1 (23 to 60) 40.56 (27 to 51) >0.999
Female sex 27 (90%) 8 (89%)

Anthropometric

BMI (kg/m2) 51.4 (41.56 to 61.85) 53.72 (44.92 to 59.88) >0.999 32.89
(25.4 to 42.52)

31.81
(23.95 to 40.15) >0.999

Body weight (kg) 145.51 (111.7 to 190.5) 149.98 (115 to 183) >0.999 92.79 (73.4 to 125) 88.68 (61.3 to 108) >0.999

Metabolism
Diabetes mellitus 8 (33%) 2 (25%) 1 (3%) 1 (11%)

LDL cholesterol (mg/dl) 128.15 (53 to 233) 134.5 (90 to 165) >0.999 90.63 (20 to 145) 96.22 (65 to 153) >0.999
HDL cholesterol (mg/dl) 44.5 (27 to 71) 52.25 (31 to 87) >0.999 49.3 (17 to 83) 55.78 (38 to 95) >0.999

Serum triglycerides (mg/dl) 183.08 (58 to 751) 140.75 (98 to 189) 0.036 90.53 (44 to 253) 80 (44 to 120) 0.962
CRP (mg/l) 15.25 (2.09 to 146.61) 25.94 (8.12 to 110.89) >0.999 1.26 (0.5 to 7.91) 3.9 (0.5 to 14.6) >0.999

Liver-related
Log ccK18 (U/l) 2.4 (2.01 to 3.17) 2.27 (2.13 to 2.53) >0.999 2.02 (1.64 to 2.28) 2.34 (2.21 to 2.62) >0.999
ccK18 > 200 U/l 17 (57%) 3 (33%) 0 5 (56%)

ALT (U/l) 45.5 (11 to 126) 26.11 (13 to 43) 0.921 34.47 (10 to 186) 41.78 (10 to 102) >0.999
AST (U/l) 34.13 (10 to 136) 21.22 (12 to 30) >0.999 22.87 (8 to 137) 25.33 (12 to 42) >0.999

Alkaline Phosphatase (U/l) 76.87 (48 to 114) 79.33 (50 to 114) >0.999 78.27 (43 to 122) 97.67 (60 to 270) 0.194
GGT (U/l) 45.33 (9 to 162) 26.56 (11 to 56) 0.939 13.03 (6 to 40) 57.33 (10 to 279) < 0.001

Bilirubin (mg/dl) 0.49 (0.3 to 1) 0.5 (0.3 to 0.7) >0.999 0.59 (0.2 to 1.5) 0.54 (0.3 to 0.9) >0.999
Albumine (g/dl) 4.35 (3.8 to 5.1) 4.09 (3.6 to 4.6) >0.999 4.47 (4.03 to 5) 4.24 (3.92 to 4.5) >0.999

Significant fibrosis?
NFS −0.27 −0.164 >0.999 −2.21 (−4.68 to 0.4) −2.87 (−5.44 to −0.44) >0.999

NFS > 0.676 6 (20%) 2 (22%) 0 0
APRI 0.318 0.187 >0.999 0.24 (0.05 to 1.25) 0.23 (0.09 to 0.48) >0.999

APRI > 0.7 2 (7%) 0 1 (3%) 0
FIB-4 0.74 0.594 >0.999 0.64 (0.21 to 1.51) 0.59 (0.36 to 1.33) >0.999

FIB-4 > 3.25 0 0 0 0

Data are given as Mean or Median (range) or n (%) LDL, Low Density Lipoprotein; HDL, High Density Lipoprotein; CRP, C-reactive
protein; ccK18, caspase-cleaved Keratin 18 (M30); ALT, alanine-aminotransferase; AST, aspartate-aminotransferase; GGT, gamma-glutamyl-
transferase; NFS, NAFLD fibrosis score; APRI, aspartate-aminotransferase to platelet ratio index.

3.5. The Expression of Adipokines and Cytokines Distinguished Responders and Non-Responders

Next, we aimed to evaluate possible differences in the molecular signatures of adipokines
and cytokines between responders and non-responders. Before surgery, non-responders
showed a strong expression of fibrinogen, while it was hardly detectable in the response
group (Figure 3A,B). Non-responders, furthermore, presented with a 14% higher leptin
expression and a reduced level of nidogen-1 (−25.6%). Repeated adipokine arrays demon-
strated a distinct course of fibrinogen and insulin-like growth factor binding protein 6
(IGFBP-6) expression in responders and non-responders (Figure 3C): both increased in the
response group one year after surgery but decreased in non-responders.

Leptin showed a greater decrease in non-responders, leading to a comparable expres-
sion one year after surgery. Adiponectin was unchanged in its expression in the response
group. In non-responders, however, the expression decreased by 23.9% in the one-year fol-
low up. Finally, cytokine arrays indicated a decreased preoperative expression of CXCL12,
plasminogen activator inhibitor 1 (PAI-1), and macrophage migration inhibitory factor
(MIF) in non-responders (Figure S3).
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Figure 3. Distinct adipokine expression in responders and non-responders. (A) High resolution scans
of the original arrays. Pooled serum samples of nine patients per group were subjected to adipokine
arrays before and one year after surgery. (B) The analysis of the expression relative to positive
control dots revealed a greater expression of fibrinogen and leptin in non-responders; nidogen-1
was less abundant in this group. (C) One year after surgery, fibrinogen and insulin-like growth
factor binding protein 6 (IGFBP-6) expression increased in the response group but decreased in non-
responders. Leptin also showed a greater decrease in non-responders. Adiponectin–unchanged in its
expression in the response group–decreased by 23.9% in non-responders during the one-year follow
up. Contrarily, CCL5 remained stable in non-responders but decreased in patients responding to the
bariatric surgery. Correspondingly colored boxes in (A) label the protein’s positions on the arrays.

4. Discussion

The present study elucidates the natural history of ccK18 levels and demonstrates
its feasibility in the hepatic follow-up of a cohort undergoing Roux-en-Y gastric bypass.
To our knowledge, this is the largest single-center study published to date in which all
bariatric procedures were performed by the same surgeon. A significant decline in ccK18
levels was observed six months after surgery, falling in line with a previous report [23].

The high baseline levels of ccK18 and their marked decrease, following the surgery
emphasize the extent of liver disease in our bariatric surgery cohort. Although no patient
had been diagnosed with a chronic liver disease, the presence of NAFLD was likely in
most subjects. According to the NALFD fibrosis score, advanced fibrosis was present in
approximately 21% of patients preoperatively. The extent of ccK18 fragments and the high
levels of established scores, such as the NFS, indicated progressed disease in some patients.
The vigorous examination and thoughtful application of non-invasive biomarkers will be
crucial to improve diagnosis, surveillance, and timely therapy of NAFLD in these patients.

Several authors stressed the imperfections of ccK18 as a biomarker for NAFLD. While
combinations of liver stiffness measurements and other biomarkers seem promising [25,37],
the inherent diagnostic accuracy of ccK18 has often been considered modest at best [38,39].
Furthermore, ideal ccK18 cut-offs are yet to be identified, as Kwok et al. accurately
pointed out [28]. On the one hand, the approach presented herein addressed this issue
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by assessing the individual changes in ccK18 levels over time. Since the release of ccK18
reflects hepatocellular apoptosis as one of the underlying disease mechanisms, it seems
especially well-suited to represent the spectrum of metabolism-associated liver disease,
rather than imitating histological classifications [23–25]. In view of the multiple, short term,
and close-knit checks before and after surgery, histological confirmation of the steatosis and
fibrosis was not considered. Vuppalanchi et al., moreover, demonstrated that the decrease
in ccK18 was correlated with histologic improvement of NAFLD [31]. On the other hand,
in an unfiltered cohort without prior evaluation of NAFLD, this approach bears the risk of
misinterpreting the lack of response in patients without serious liver disease in the first
place. To this end, six out of our nine patients considered non-responders in this study
presented with baseline ccK18 levels <200 U/l. In contrast, 13/30 patients, who responded
to the intervention, also exhibited such ccK18 levels, and there was no significant difference
in the preoperative ccK18 levels between the groups.

Consecutive ccK18 measurements revealed non-responders to bariatric surgery, which
showed a decline <10% in ccK18 one year postoperatively when compared to baseline
levels, in a similar magnitude as reported previously [8]. Great efforts have been made
to reduce heterogeneity in our cohort: all patients were included in a structured, single
center treatment regimen including a Roux-en-Y gastric bypass procedure performed by a
single experienced surgeon. Yet responses were highly inconsistent. Lacking reduction in
waist circumference, higher glucose levels, and insulin resistance have been postulated as
possible modes of action [40–42]. However, neither the extent of weight loss nor HbA1c
values significantly differed between responders and non-responders in our cohort. Further
studies are needed to gain a comprehensive understanding of the underlying mechanisms.
While the addition of ccK18 to a standard laboratory panel enabled the monitoring of
the response to bariatric surgery, it did not increase its performance in predicting the
eventual outcome.

However, the differences seen in the expression of adipokines imply promising per-
spectives. Fibrinogen, for instance, showed a greater expression in non-responders. In
these, C-reactive protein was also increased in tendency, indicating a possible role of sys-
temic inflammation. On the contrary, fibrinogen expression increased in responders, while
it decreased in non-responders. The use of fibrinogen as a marker of systemic inflammation
might also be confounded by the various changes in hemostasis, occurring post bariatric
surgery [43]. Leptin was also overexpressed in non-responders. Although there have
been conflicting results, a recent meta-analysis found higher circulating leptin levels to be
associated with the severity of NAFLD, providing a possible explanation for the distinct
course of disease in non-responders [44]. While the expression of adiponectin is comparable
among the groups preoperatively, it decreased in non-responders. Adiponectin has been
reported to negatively correlate with insulin resistance, visceral fat, advanced fibrosis, and
the development of NASH [45–48]. Shorter intervals of adiponectin measurements might
elucidate its potential to predict the response to bariatric surgery in future studies.

In summary, we demonstrated the successful clinical application of a ccK18-based
follow-up to monitor the progression of liver disease in a bariatric surgery cohort. The
use of non-invasive measures will be inevitable to establish a widespread application of
NAFLD surveillance. We renounced histology in favor of close-knit non-invasive controls,
as ccK18 has often been correlated with histological findings. The present study facilitates
this development by clarifying the natural course of ccK18 in the first year post-bariatric
surgery. To fully implement ccK18 in clinical practice, future studies investigating the
influence of comorbidities and medication use will be necessary. Furthermore, a focus
on the capability of biomarkers to predict outcomes in a subset of patients, rather than
predicting the results of the imperfect gold standard liver biopsy, could provide new
insights in this rapidly evolving field.
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Abstract: Despite bariatric surgery being the most effective treatment for obesity, some individuals
do not respond adequately, especially in the long term. Identifying the predictors of correct weight
maintenance in the medium (from 1 to 3 years after surgery) and long term (from 3 years and
above) is of vital importance to reduce failure after bariatric surgery; therefore, we summarize the
evidence about certain factors, among which we highlight surgical technique, psychological factors,
physical activity, adherence to diet, gastrointestinal hormones or neurological factors related to
appetite control. We conducted a search in PubMed focused on the last five years (2015–2021). Main
findings are as follows: despite Roux-en-Y gastric bypass being more effective in the long term, sleeve
gastrectomy shows a more beneficial effectiveness–complications balance; pre-surgical psychological
and behavioral evaluation along with post-surgical treatment improve long-term surgical outcomes;
physical activity programs after bariatric surgery, in addition to continuous and comprehensive
care interventions regarding diet habits, improve weight loss maintenance, but it is necessary to
improve adherence; the impact of bariatric surgery on the gut–brain axis seems to influence weight
maintenance. In conclusion, although interesting findings exist, the evidence is contradictory in some
places, and long-term clinical trials are necessary to draw more robust conclusions.

Keywords: bariatric surgery; weight regain; surgical technique; psychological disorders; physical
activity; diet; gut hormones; gut–brain axis

1. Introduction

Obesity is defined as the pathological increase in adipose tissue associated with chronic
low-grade inflammation and an increased risk of many pathological conditions such as
type 2 diabetes mellitus (T2DM), cardiovascular disease, or cancer [1,2]. It is considered an
epidemic disease and is expected to affect 44% of the adult population of the USA in 2031
and 31% of the adult population of Europe in 2037 [3].

The first-line treatment for obesity is lifestyle intervention, including a healthy diet and
physical activity to produce a negative energy balance [2]. In those patients with moderate-
risk or high-risk obesity, pharmacological therapy is indicated [2]. A weight loss of 5–10%
can be easily attained and maintained for a time by lifestyle modification programs and
anti-obesity medications. However, the weight usually recovers progressively from the
first year after the intervention onwards [4].

Bariatric surgery is the most effective treatment for weight loss and weight-loss
maintenance. Weight loss with bariatric surgery can reach 50–75% of excess body weight
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(EBW) and can be maintained 10 years later [4]. Nevertheless, the efficacy of bariatric
surgery is not uniform between patients, with some of them not obtaining satisfactory
weight loss from the beginning (primary non-responders) or regaining weight in the long
term (secondary non-responders) [5].

In this review, we will focus on the factors that influence weight loss in the medium–
long term after bariatric surgery.

2. Surgical Technique

Since Edward Mason reported effective weight loss after the first gastric bypass in
the mid-1960s, many bariatric procedures such as jejunoileal bypass, vertical banded
gastroplasty, and laparoscopic adjustable gastric band (LAGB) have been used and later
abandoned because of adverse events or inadequate long-term efficacy [6,7]. In 1994, the
first report of the use of the laparoscopic technique was a landmark in bariatric surgical
care as laparoscopic surgery reduces postoperative pain, time recovery, wound infection,
and late ventral hernia formation in comparison to conventional techniques [6]. Nowadays,
the most frequently performed bariatric procedures are laparoscopic Roux-en-Y gastric
bypass (RYGB) and, especially, laparoscopic sleeve gastrectomy (SG), which accounts for
61% of primary bariatric procedures in the USA [7]. Therefore, we are going to analyze
the evidence (clinical trials and meta-analysis) in the last 5 years comparing RYGB and SG
regarding weight loss in the medium–long term.

In a recent meta-analysis, including 7443 patients from 23 studies, Hu et al. [8] found
that there was no difference in excess weight loss (EWL)% between RYGB and SG in the
short term (3 months–2 years), but RYGB was superior to SG in the mid-term (3 years) and
long term (5 years) after surgery. However, RYBG showed more late complications than
SG. Previously, Yang et al. [9] found similar results in a meta-analysis of 15 randomized
controlled trials (1381 patients), concluding that SG and RYBG were similar regarding
weight loss at <3 years but that EWL% was greater with RYBG 5 years after surgery,
although with a higher incidence of complications. Other smaller meta-analyses found
comparable results [10,11]. Likewise, King et al. [12] reported that weight regain seems
to be higher after SG in comparison to RYGB. Conversely, other authors have concluded
that there is no difference in weight loss between SG and RYBG at 1 year [13,14] and at
3 years [14,15] after surgery. Data from 10 or more years show that RYGB is able to maintain
substantial weight loss, but data on SG are insufficient for a meta-analysis [16].

Results from clinical trials comparing weight loss between SG and RYGB published in
the last 5 years are compiled in Table 1.

The Sleeve vs. Bypass (SLEEVEPASS) trial was a multicenter, multisurgeon, open-
label randomized trial whose main aim was to determine if SG and RYGB were equivalent
for weight loss in 240 patients. At five years since surgery, it was observed that EWL%
after SG was 49% and after RYGB 57%, and this difference was not statistically signifi-
cant despite that higher weight loss was achieved with RYGB [17]. Similar results were
maintained at 7 years after surgery [18]. Regarding obesity co-morbidities, SG and RYGB
were similar in T2DM remission and dyslipidemia resolution, where RYGB was better
than SG in hypertension resolution at 5 years [17]. At 1 year after surgery, both Hofsø
et al. [19] and Murphy et al. [20] reported RYGB to be superior to SG for weight loss (total
weight loss 29% vs. 23%; p < 0.001 and EWL% 84.2% vs. 70.2%, p = 0.002, respectively).
However, the primary outcome of these trials was T2DM remission, not weight loss, and
although Hofsø et al. [19] found a higher remission of T2DM in RYGB in comparison to
SG, Murphy et al. [20] observed both surgical procedures to be similar. In a small clinical
trial, Schneider et al. [21] reported a higher EBMIL% (excess body mass index loss) with
RYGB in comparison to SG (76.4% vs. 64.4%, p = 0.046) after 17 ± 5.6 months of follow-up.
However, they also compared both surgical techniques regarding body composition and
resting energy expenditure, not finding significant differences. In the Swiss Multicenter
Bypass or Sleeve Study (SM-BOSS) trial, Peterli et al. [22,23] reported similar EBMIL%
when comparing SG and RYGB at 1, 2, 3, and 5 years after surgery. Similarly, no statisti-
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cally significant differences were observed between one anastomosis gastric bypass and
SG at 1 year [24] and 3 years [25] after surgery. On the contrary, as that reported in the
meta-analysis performed by Hu et al. [8], Ignat et al. [26] showed that, although EWL%
was similar between SG and RYGB in the short term, a higher EWL% was achieved with
RYBG vs. SG in the medium-term (at 3 years: 83% vs. 66.3%, p = 0.024) and long-term (at 5
years: 74.8% vs. 65.1%, p = 0.045) follow-up.

Table 1. Comparative clinical trials: SG vs. RY/OAGB.

Sample Size (n) Clinical Characteristics Follow Up
Weight Loss

(SG vs.
RY/OAGB)

Conclusion

Grönroos [18]
2020

SG = 121
RYGB = 119

7 years EWL%: 47 vs. 55 GB = SG

Salminen [17]
2018

Female sex (%):
SG: 71.9, RYGB: 67.2

Mean age (years):
SG: 48.5, RYGB: 48.4

T2DM (%): SG: 52, RYGB: 49
5 years EWL%: 49 vs. 57 GB = SG

Hofsø [19]
2019

SG = 55
RYGB = 54

Female sex (%):
SG: 58, RYGB: 74
Mean age (years):

SG: 47.1, RYGB: 48.2
T2DM (%): 100

1 year TWL%: 23 vs. 29 GB > SG

Murphy [20]
2018

SG = 58
RYGB = 56

Female sex (%):
SG: 45, RYGB: 59
Mean age (years):

SG: 45.5, RYGB: 46.6
T2DM (%): 100

1 year EWL%: 70.2 vs.
84.2 GB > SG

Shivakumar
[25]
2018 SG = 100

OAGB = 101

Female sex (%):
SG: 65, RYGB: 61.4
Mean age (years):

SG: 39.9, RYGB: 42.9
T2DM (%): SG: 47, RYGB: 49

3 years EWL%: 61.1 vs.
66.5 GB = SG

Seetharamaiah
[24]
2016

1 year EWL%: 63.9 vs.
66.8 GB = SG

Ignat [26]
2017

SG = 55
RYGB = 45

Female sex (%):
SG: 78.2, RYGB: 86.7

Mean age (years):
SG: 35.1, RYGB: 32.2

T2DM (%): NR

1 year EWL%: 83 vs. 80.4 GB = SG

2 years EWL%: 77.8 vs.
79.8 GB = SG

3 years EWL%: 66.3 vs. 83 GB > SG

5 years EWL%: 65.1 vs.
74.8 GB > SG

Peterli [22]
2017 SG = 107

RYGB = 110

Female sex (%):
SG: 72, RYGB: 72
Mean age (years):
SG: 43, RYGB: 42.1

T2DM (%): SG: 24, RYGB: 26

1 year EBMIL%: 72 vs. 75 GB = SG
2 years EBMIL%: 75 vs. 78 GB = SG
3 years EBMIL%: 71 vs. 73 GB = SG

Peterli [23]
2018

5 years EBMIL%: 61.1 vs.
68.3 GB = SG

Schneider [21]
2016

SG = 23
RYGB = 19

Female sex (%):
SG: 87, RYGB: 84.2
Mean age (years):

SG: 41.2, RYGB: 40.3
T2DM (%): SG: 57, RYGB: 42

17 months EBMIL%: 64.4 vs.
76.4 GB > SG

SG: sleeve gastrectomy; RYGB: Roux-en-Y gastric bypass; OAGB: one anastomosis gastric bypass; T2DM: type 2 diabetes mellitus; EWL:
excess weight loss; TWL: total weight loss; EBMIL: excess body mass index loss. GB > SG: gastric bypass better than sleeve gastrectomy;
GB = SG: gastric bypass similar to sleeve gastrectomy.

In summary, despite many studies concluding that SG and RYGB are comparable at
weight loss in the medium and long term, other studies have found RYGB to be better than
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SG regarding this outcome and also in obesity-related co-morbidities (such as T2DM or
hypertension, between others) resolution. However, SG seems to produce fewer complica-
tions than RYGB. Maybe new clinical trials [27] will be able to tip the balance in favor of
RYBG or confirm the equivalence of both surgical procedures in weight loss at medium
and long term.

3. Psychological Factors

Psychological difficulties and poorly treated mental health can negatively affect the
results of bariatric surgery [28]. Mood, emotional dysregulation, depression, poor health
literacy, and deficits in executive functioning, attention, and memory skills, among others,
are likely to be important barriers to effective maintenance of weight loss [29], consistently
finding deficiencies of these skills in the obese population compared to lean people [30].

A growing body of evidence suggests that deficits in executive function are common
in obesity [31,32], finding a constant inverse association between obesity and executive
function in children, adolescents, and the adult population [33].

Obese subjects show a pronounced impairment in decision-making and real-life
learning in terms of reward and punishment (by the Iowa gambling task (IGT)) [34],
and impaired central coherence (processing style centered on the details) that makes it
impossible for them to see the “big picture” in a similar way to patients with anorexia
nervosa [35,36]. In addition, the obese subject is impulsive and has poor performance on
tests of global cognitive function and memory [37]. These deficits in executive function
are considered the cause of inappropriate attitudes towards food and represent a trigger
for both eating disorders and changes in BMI [38]. Likewise, obese individuals show an
unregulated physiological response to intense emotion by tending to increase their food
intake during periods of emotional arousal and/or stress, a response known as emotional
eating [39]. However, the nature of this obesity-associated cognitive decline is unclear.
Different explanations have been proposed including factors driven by inflammation,
dopamine dysregulation implicated in hyperphagia, vascular diseases or neuroendocrine
changes in ghrelin and leptin [40–42].

3.1. Cognitive Impairment

The presence of cognitive impairment in the obese subject can be particularly prob-
lematic in the population undergoing bariatric surgery, given the many lifestyle changes
required after it. Up to 23% of subjects undergoing bariatric surgery have clinically signifi-
cant cognitive impairment, and approximately 40% have more subtle cognitive deficits [43].
Such deficiencies in executive function have been associated with maladaptive eating
behaviors, including uncontrolled or uninhibited eating along with sedentary behaviors,
and may contribute to suboptimal weight loss after bariatric surgery [44] Spitznagel et al.
found that preoperative baseline cognitive impairment predicted the outcome of weight at
one year after bariatric surgery (RYGB) in 84 obese individuals. Poorer initial cognitive
function in the domains of executive ability, attention, and memory predicted a lower
percentage of weight loss and higher BMI at 12 months after bariatric surgery. Impairments
in memory or executive function could interfere with the patient’s ability to plan and fol-
low postoperative guidelines for successful maintenance of weight loss [45]. Furthermore,
cognition has been shown to improve shortly after bariatric surgery [46], and this initial
improvement appears to be of substantial importance in its predictive ability for sustained
weight loss. Supporting this notion, Spitznagel and colleagues [47,48] found that early
postoperative cognitive dysfunction (at 12 postoperative weeks) predicted progression at
24 and 36 months. Poorer performance on cognitive tests at 12 weeks (lower performance
in executive ability, attention, and memory) was indicative of a reduction in weight loss at
2- and 3-year follow-up after bariatric surgery. In this sense, Alosco et al. [49] evaluated
50 obese subjects who underwent RYGB, finding early cognitive benefits (12 weeks) that
were generally maintained up to 36 months after surgery. Interestingly, it was observed in
this work that the reduction in the domain of attention 24-36 months after the intervention
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was associated with weight recovery in this time. Kulendran et al. [50] in a study with
45 patients found that impulsivity measured as an inhibitory control of executive function
together with the type of surgery (most effective RYGB vs. SG) were able to predict weight
loss 6 months after bariatric surgery. The results found regarding the relationship between
weight loss and executive performance in bariatric surgery may suggest that a reduction in
body fat favors an improvement in executive function as a consequence of the resolution of
metabolic alterations related to obesity. Likewise, a lower cognitive deficit at the beginning
would lead to improvements in eating habits linked to a greater reduction in BMI, as we
have seen. Similarly, cognitive function seems to be related to the durability of weight loss
after bariatric surgery [47,48]. The cognitive skills that seem to best predict the results of
weight loss included memory (particularly recognition memory) and executive functions
(specifically working memory and generativity), and adherence behaviors could be the
likely mechanism by which cognitive dysfunction leads to poorer performance in reducing
long-term weight loss in bariatric surgery [33]. However, Bergh et al. [51], after evaluating
230 who underwent RYGB, found that while certain psychological factors such as self-
esteem, planning, disposition to change behavior, or depressive symptoms, among others,
were related to postoperative adherence to dietary recommendations and physical exercise.
However, no associations were found in relation to weight loss one year after surgery.

3.2. Eating Disorders

Another important point in the failure of weight loss after bariatric surgery is related
to the presence of eating disorders (EDs). Recent studies [52,53] have reported a higher
prevalence of EDs among patients undergoing bariatric surgery with weight regain, with
binge eating disorder especially prevalent in this population [54]. Conceição et al., [53]
in a longitudinal study, found that up to 65% of patients who experienced weight regain
between 17 and 20 months after surgery (both LAGB or RYGB) suffered from ED post-
operatively. Furthermore, other studies have emphasized the role of other ED such as
emotional eating, night eating syndrome (NES), or picking and nibling (P&N) in the results
of bariatric surgery and how they contribute to suboptimal weight loss [55].

3.3. Depression

The reciprocal, longitudinal link between depression and obesity has been demon-
strated in different studies [56]. Nevertheless, the exact nature of the relationship between
depression and maintenance of obesity remains unclear, perhaps because clinical depres-
sion is a common exclusion criterion in weight loss intervention trials [57].

A recent meta-analysis [58] provides evidence for bariatric surgery, finding a reduction
in depression symptoms at 6, 12, and 24 months after surgery. However, these symptoms
increased after 36 months in a similar way to the baseline situation. Similar studies showed
that improvements in depressive symptoms after bariatric surgery may not be maintained
after 1–3 years after surgery, worsening again as in the starting point [59]. Weight regain
and depression after surgery can act as a mutual risk factor. A depressed mood is associated
with unhealthy lifestyle habits, emotional eating and loss of eating control [60], and weight
regain after bariatric surgery [58,60,61]. Novelli et al. [62] found a higher score on emotional
eating in obese women who underwent RYGB with insufficient weight loss 2 years after
surgery. Feig et al. [63], in a cross-sectional study of 95 subjects undergoing RYGB and SG
mainly, suggested that positive psychological states (positive affect or optimism) could
be relevant in the state of well-being after bariatric surgery, finding greater adherence to
healthy behaviors, physical activity, and weight loss. However, these associations lost
statistical significance when factors such as depression were included.

3.4. Impulsive Behavior

Loss-of-control (LOC) eating is a common characteristic among subjects undergoing
bariatric surgery [64], especially widespread in the adolescent population [65], and is
associated with poorer weight outcomes. Goldschmidt et al. [64,66] and White et al. [67]
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determined that postoperative LOC eating constitutes a phenotype that negatively affects
the weight result, being prospectively related to greater long-term weight recovery after
RYGB, while pre-surgical eating LOC was not related to changes in post-surgery BMI. The
rates of LOC eating decreased in the period immediately after surgery (6 months) compared
to baseline; however, these rates increased gradually over time (2–4 years) after surgery.

3.5. Other Psychological Factors

It has been investigated whether different personality types predict the results of
weight after bariatric surgery, without being able to draw clear conclusions. While some
showed no influence in this regard [68], Gordon et al. found that they could influence the
amount of weight loss at 2 years of RYGB [69].

In conclusion, multiple physicological factors are related to weight loss after bariatric
surgery. An integrative and multiple approach that includes pre-surgical psychological
and behavioral evaluation along with post-surgical treatment can be corrective for weight
regain and persistence of obesity. In addition, addressing depression and executive deficits
before and after bariatric surgery is needed to improve long-term surgical outcomes. Future
research should further explore the best way to consider cognitive deficits in preoperative
detection and follow-up of candidates for bariatric surgery.

4. Physical Activity

National Institute for Health and Care Excellence (NICE) [70] recommends that the
postoperative follow-up of the obese patient should incorporate counseling and support
for physical activity.

4.1. Lack of Adherence to Exercise Training in Bariatric Surgery Patients

People with severe obesity can, generally, safely exercise vigorously [71]; however,
candidates for bariatric surgery are generally less active than normal-weight subjects [72].
Additionally, candidates for bariatric surgery are more sedentary than the general obese
population. Likewise, of all postoperative recommendations, those related to physical
activity are commonly the most non-compliant [73]. King et al. [74] examined the physical
activity of 310 patients who underwent bariatric surgery through the use of accelerometers,
finding that most of the subjects increased their level of physical activity 1 year after
bariatric surgery (RYGB mainly and other techniques included such as LAGB, SG, banded
gastric bypass, or biliopancreatic diversion with duodenal switch) compared to baseline.
However, most remained with poor physical activity according to the American Diabetes
Association and the American College of Sports Medicine (<150 min per week), and
some even decreased their activity compared to baseline. Bond et al. [75] compared self-
reported estimates of physical activity vs. those based on objective measurements by an
accelerometer in 20 patients who underwent bariatric surgery (65% LAGB and 35% RYGB)
6 months after surgery. Although in the postoperative period 55% of the participants
self-reported adherence to the physical activity recommendations, only 5% were objectified
by accelerometer measurement, with the changes in physical activity of moderate to
vigorous intensity being much smaller than the self-reported. Ouellette et al. [76] also
found no changes in early postoperative physical activity compared to baseline in subjects
undergoing bariatric surgery (29% RYGB and 71% SG), with no correlation between the
levels of physical activity self-reported by the patient and those observed by accelerometry.
In addition, participants failed to adhere to the minimum recommended physical activity
(150 min per week of moderate to vigorous intensity physical activity). Taken together,
these data suggest that a high proportion of patients after bariatric surgery do not increase
their physical activity, and some even decrease it, identifying a relevant area of intervention.

4.2. Aerobic and Resistance Training

Increased physical activity has been associated with greater weight loss after bariatric
surgery [77–84]. Furthermore, close supervision and monitoring of exercise programs support
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greater weight loss compared to minimally supervised programs [85]. Egberts et al. [78] in a
systematic review of observational studies (on 3852 patients) found a relationship between
increased physical exercise (measured by physical activity questionnaires) and weight
loss after bariatric surgery (LAGB and RYBG). In addition, the meta-analysis showed an
average of 3.62 kg of greater weight loss with the practice of physical activity.

4.2.1. Aerobic Training

Carnero et al. [77] in a study carried out on 96 patients who underwent bariatric
surgery (RYGB), monitored physical activity and effects on weight and body composition
according to a 6 month structured exercise program, observing greater weight loss and
more favorable body composition (less fat mass and greater muscle mass) in patients who
performed moderate physical activity and decreased sedentary time. Furthermore, patients
in the highest quartiles of physical activity achieved greater reductions in adiposity, re-
porting a dose–response association between exercise time and adiposity, already revealed
by previous studies. In this sense, Woodlief et al. [86] demonstrated that patients who
performed a greater amount of exercise (286 ± 40 min per week) after RYGB were those
who obtained the greatest loss of weight and body fat compared to those who performed
less physical activity. However, other studies have not supported this finding [87–90].
Coen et al. [88] examined the efficacy of a physical exercise program (120 min/week of
treadmill walking for 6 months) in severely obese subjects, not observing any additional
impact on RYGB-induced weight loss or fat mass. These findings are similar to those of
Shah et al. [89] who showed how the prescription of a high-volume exercise program
(energy expenditure in exercise > 2000 Kcal/week) with bariatric surgery (70% GB and
30% RYGB) at least 3 months earlier had no impact on the body weight or circumference
of waist compared to the control group. The lack of effect of exercise on weight in these
studies is probably due to the strong initial influence of surgery; thus, these data do not
rule out the possibility that an exercise program may cause additional weight loss and
improve body composition or adiposity favorably after surgery. Furthermore, after the
initial large loss, weight tends to stabilize, and the long-term sustainability of this weight
loss is probably more related to lifestyle changes such as avoiding sedentary behavior and
regular physical activity [90].

4.2.2. Combination of Aerobic and Resistance Training

A randomized clinical trial introducing a 12-week structured and supervised physical
exercise program in 24 post-bariatric surgery (surgical technique not specified) patients
(at 12-24 months later) and 12 controls with the same characteristics demonstrated im-
provements in capacity/physical function and weight, among other parameters [91]. In
this sense, Rothwell and colleagues [79] reported that weight loss after a semi-structured
exercise program at 12 months of bariatric surgery (LAGB) improved, without observing
this effect at 36 months. Hanvold and colleagues [81] found that patients undergoing RYGB
who reported physical activity ≥150 min/week had a lower percentage of weight regain
compared to less active participants. However, they found no differences when comparing
the diet and physical activity-focused lifestyle intervention group vs. the usual care group
at long-term (2 years). Coleman et al. [90] found that a structured post-bariatric exercise
program improves the physical capacity of patients (strength, balance, flexibility, mobility,
coordination) at 6–24 months post-surgery (GS, RYGB, LAGB), without finding additional
effects on weight loss.

A recent meta-analysis [80] of 15 exercise training studies (aerobic training in 5 studies,
resistance training in 2 studies, and a combination of aerobic and resistance training in
8 studies) also concluded that physical training programs carried out after bariatric surgery
(RYGB and SB mainly) were effective in optimizing the loss of weight and fat mass and
improving the physical condition of the patients, although no additional effect on lean
mass loss was described.
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4.3. Maintenance of Muscle Mass

The maintenance of muscle mass is vital to optimize physical functioning and preserve
energy expenditure at rest. The latter represents 60–70% of total energy expenditure [70],
finding greater reductions and less recovery of visceral abdominal fat when it is included
physical exercise in weight loss programs [92]. Loss of fat free mass (FFM) can predispose
to long-term weight regain. Metcalf et al. [93] found that duodenal switch surgery in
patients adhering to an exercise program (30 min per session, with > 3 sessions a week)
achieved 28% more loss of fat mass and 8% more gain of lean mass compared to sedentary
patients at 18 months postoperatively. A systematic review by Chaston et al. [94] suggests
that loss of FFM (skeletal muscle, bone, and organs) represents a weight percentage of
31.3% of weight loss after RYGB. Although the significance of the loss of this FFM is not
well known, excessive loss may be undesirable. Specifically, in older patients, the loss
of muscle mass and bone mineral density may have a negative impact on their physical
function, sarcopenia, and quality of life [95]. Physical exercise, and specifically endurance
exercise, is effective in maintaining muscle mass [96].

In summary, despite that physical activity programs after bariatric surgery have been
shown to be associated with a higher weight loss and a more beneficial body composition,
most patients do not increase, and may even decrease, physical activity. However, most of
the papers refer to the early postoperative stages, and the evidence is very limited in the
long term. More interventional clinical trials with long-term structured exercise programs
are needed to determine whether exercise is important in preventing weight regain in
bariatric surgery patients.

5. Dietary Factors

In the bariatric population in particular, the diet is often poor, and caloric intake
often increases progressively after bariatric surgery [97]. Sawer et al. [98] found an in-
crease in caloric intake 2 years after bariatric surgery compared to the first 5 months
(1172.9 ± 46.5 Kcal/day vs. 1358.1 ± 60.5 Kcal/day), finding greater weight loss and
maintenance in those with greater dietary adherence.

In the National Weight Control Registry (NWCR), a large-scale prospective study
to investigate the maintenance of long-term weight loss, among the dietary strategies
adopted for the stable maintenance of weight loss, the following stand out: Adherence to a
low-calorie and low-fat diet, eating breakfast regularly, and maintaining a consistent eating
pattern throughout the week [99]. However, the literature on dietary advice to improve
weight after bariatric surgery is limited. In addition, the studies in this regard present a
small sample size, as well as heterogeneity of dietary support, settings, times, duration,
type of surgery, etc.

The main macronutrients in food (carbohydrates, proteins, and fats) stimulate oxygen
consumption in different ways, which can influence changes in body weight and possibly
subsequent weight regain. Bray et al. [100] in the POUNDS LOST Study and Grave
et al. [101] found no effect of diet composition on body weight or energy expenditure [100].
However, Reid et al. [102] found higher carbohydrate and alcohol consumption in those
subjects who had regained weight after an average of 12 years since bariatric surgery,
compared to those who had maintained weight loss. Frequent consumption of high-fat
and high-sugar snacks can lead to excessive energy intake from carbohydrates, and this
behavior may reduce the maintenance of weight loss [103]. Restricting the consumption of
soft drinks or carbonated beverages is another important aspect that has been related to
the stability of postsurgical weight [104]. Likewise, different studies [105,106] have found
that a diet high in protein and with a low glycemic index was the best option to maintain
weight loss, and this macronutrient composition could be related to a lower decrease in
energy expenditure in the subjects who followed it [105].

Regarding dietary behavior, and more specifically behaviors related to reduced rations
and frequency of intake, they have been related to more favorable weight 3 years after
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bariatric surgery [107]. Similar findings have been described in a cohort of 50 adolescents
undergoing bariatric surgery [87].

It is likely that numerous mechanisms contribute to changes in lifestyle after bariatric
surgery. Continuous and comprehensive care interventions appear to be the most successful
approaches to maintaining weight loss. However, more long-term randomized clinical
trials are needed to clarify these issues.

6. Gut Hormones and Neuronal Factors

6.1. Gut Hormones

Bariatric surgery produces changes in gastrointestinal anatomy and functionality
that may be implicated in different ways in weight loss after the procedure and weight
maintenance in the long-term. Regulation of appetite and eating is a complex process that
depends on the integration of signals from the digestive tract to the central nervous system
(CNS). Specifically, there are regions in the hypothalamus and brainstem that integrate
peripheral signals to coordinate orexigenic and anorexigenic responses. Those signals
provide information about energy availability depending on nutritional state and energy
storage in adipose tissue. There is a very intricate system of signals between the gut, vagal
afferents, hypothalamus, brainstem, and reward centers in response to nutrient ingestion
to regulate energy homeostasis [108].

The main gut hormones implicated in energy homeostasis are ghrelin, which is orex-
igenic, peptide tyrosin-tyrosin (PYY), glucagon-like peptide 1 (GLP-1), oxyntomodulin
(OXM), glicentin, pancreatic polypeptide (PP), amylin and cholecystokinin (CCK), which
are anorexigenic [109]. Ghrelin increases appetite and food intake, accelerates gastric emp-
tying, increases gastric acid secretion, decreases insulin secretion, and stimulates hepatic
glucose production. Its levels are higher just before nutrient intake, and there is a ghrelin
suppression after a meal; this suppression is greater following a high-carbohydrate meal
compared to a high-fat meal [108]. On the contrary, PYY reduces food intake and appetite,
increases insulin secretion, and delays gastric emptying. The peak in PYY secretion takes
place typically 15–30 min after food intake, and protein and fat-rich foods stimulate greater
peaks of this hormone compared to carbohydrates [110]. GLP-1 has a biphasic secretion
after nutrients intake with an early phase 15 min after ingestion and a second peak at
30–60 min [111]. Its effects are similar to PYY—suppressing appetite, reducing food intake,
and delaying gastric emptying—but it also promotes glucose-dependent insulin secre-
tion [112]. OXM is co-secreted with GLP-1 in response to food ingestion, and it reduces
energy intake, increases energy expenditure related to physical activity, delays gastric
emptying, and also stimulates glucose-dependent insulin secretion. Glicentin seems to
have a role in stimulating insulin secretion, and decreasing gut motility and acid secretion
in animals, but its biological role is not fully elucidated yet. PP is secreted after nutrients
ingestion depending on caloric load, and its main functions are the inhibition of gastric emp-
tying, pancreatic exocrine secretion, and gallbladder motility. Amylin levels reach a peak
one hour after nutrient ingestion and remain high for four hours, slowing gastric emptying,
suppressing glucagon postprandial secretion, inhibiting energy intake, and increasing
energy expenditure [108]. Finally, CCK promotes gallbladder contraction and pancreatic
exocrine secretion favoring food digestion, but it also slows gastric emptying, inhibits acid
gastric secretion, decreases energy intake, and stimulates insulin secretion [113].

Some alterations in the normal function of these hormones have been reported in
obese patients compared to lean subjects, also in syndromic obesity. Some changes in these
hormones have been identified following different weight loss strategies, including bariatric
surgery (Table 2). For example, an increase in postprandial levels of GLP-1 in patients
after SG and RYGB has been reported in several studies, and this change may persist in
the long-term (at least 1–2 years). In the case of GIP (Gastric inhibitory polypeptide), data
are more controversial, as some studies have reported an increase in postprandial levels
after bariatric surgery, but some others did not find any change, especially after RYGB.
Similar effects have been observed in a lot of studies for OXM and PYY, with increases
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in postprandial levels after RYGB and for PYY also after SG. Regarding ghrelin, the only
orexigenic gut hormone of those previously mentioned, its suppression is usually improved
after bariatric surgery. However, the mechanism seems to be different depending on the
technique, as in RYGB the effect observed is in postprandial ghrelin, and in SG the effect
observed is in fasting ghrelin. Although this is controversy, lower ghrelin levels may have
beneficial effects on appetite regulation and in body weight [114].

Table 2. Summary of main changes in gut hormones after RYGB and SG.

Hormones SG RYGB

GLP-1 Increase Increase
GIP Increase/no changes Increase/no changes

OXM Increase Increase
PYY Increase Increase

Glicentin Increase Increase
Ghrelin * Suppression Suppression

* All hormone levels refer to postprandial levels, except for ghrelin, whose changes occurred mainly in fasting
levels. RYGB: Roux-en-Y gastric bypass. SG: sleeve gastrectomy. GLP-1: glucagon polypeptide like 1. GIP:
glucose-dependent insulinotropic peptide OXM: oxyntomodulin. PYY: polypeptide tyrosine-tyrosine.

Differential behaviors of gut hormones depending on surgical technique could be
related with anatomical changes (duodenum exclusion in RYGB and restriction of the
gastric fundus in SG) produced in the surgery and with different exposure to carbohy-
drates and fat. Based on this idea, there are three hypothesis that try to explain weight
control. The hindgut hypothesis poses that the accelerated delivery of nutrients to the
distal gut increases insulinotropic signals that are mediated, among others, by GLP-1,
and that improves postprandial glucose and free fatty acids metabolism, favoring body
weight control [115]. Besides, nutrient delivery to the distal intestine also may produce an
increase in intestinal gluconeogenesis and may activate a hepato-portal sensor that leads to
neural signals for reduced food intake and decreased glucose output from the liver, as the
midgut hypothesis proposes [116]. Finally, foregut hypothesis suggests that bypassing the
duodenum may reduce some factors that induce insulin resistance and β-cell dysfunction,
decreasing diabetogenic signals [117].

Among the studies published in last five years regarding gut hormones and weight
maintenance after bariatric surgery, there are some interesting results, though the majority
of them are observational studies. Perakakis et al. performed two independent trials to
assess circulating levels of gut hormones in response to different types of bariatric surgery
and its influence on weight loss after a year of follow up. They compared the fasting and
postprandial levels of nine gut hormones after a mixed meal test, before and after bariatric
surgery (laparoscopic gastric banding, SG and RYGB), and they related them with weight
loss, looking for predictors of long-term weight loss. Their most robust results referred to
OXM and glicentin, which showed a significant increase 3 months after the surgery (SG
and RYGB) that was maintained at one year. The percentage of weight change was related
to this increase at 6 months (OXM: p = 0.004; glicentin: p = 0.001) and at 12 months (OXM:
p = 0.053; glicentin: p = 0.049). For GLP-1, changes were more profound and significant for
SG than for RYGB, in contrast with other studies. For GIP they only found a decrease after
RYGB and no changes for SG, and finally for ghrelin there was a significant decrease after
SG but no changes after RYGB. They concluded that glicentin increase may predict weight
loss at 12 months better than GLP-1, and these effects seemed to be related with better
satiety control [118]. In another comparative study, Santo et al. compared postprandial
secretion of ghrelin, GIP, GLP-1, and leptin in patients with maintenance of more than
50% of the EWL (group A) versus patients with regain of more than 50% of the EWL
(group B), with a follow up of 26 months. Although the sample size was very small and all
patients had undergone RYGB, they found some interesting results. There was a decrease in
postprandial ghrelin levels in both groups, suggesting better appetite control. GIP showed
a relatively larger increase (with respect to baseline) in postprandial levels at 30 min in
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group A compared to group B (p = 0.01), and GLP-1 also showed a greater increase at
30 min in group A compared to group B (p = 0.05) as well as a greater relative increase
with respect to baseline (p = 0.01). Finally, leptin showed greater basal levels in group
B compared to group A (p = 0.02), suggesting that energetic reserves could have been
larger in group B. Thus, they concluded that the increase in GLP-1 and GIP after nutrient
intake may show the influence of these hormones in weight maintenance after RYGB [119].
Another similar prospective observational study led by Alamuddin analyzed postprandial
GLP-1, PYY, ghrelin, and leptin levels at 6 and 18 months after bariatric surgery (SG and
RYGB), and they compared with a control group. Despite the low number of patients
who completed the 18 months of follow up, the results are interesting to understand gut
hormone changes in the long term. They reported a decrease in fasting ghrelin levels,
especially in the SG group at 6 months (p = 0.0199) and 18 months (p = 0.0003), and an
exaggerated postprandial increase in GLP-1 and PYY at 6 months (RYGB: p < 0.0001; SG:
p = 0.006) that lasted until 18 months only for GLP-1 [120]. With some differences, the
results of these studies suggest that the increase in anorexigenic hormones levels and the
decrease in orexigenic hormones may be related to weight loss and weight maintenance
after bariatric surgery in the short and long-term.

Other Hormonal Factors

On the other hand, bile acids also may have a role in weight loss and weight main-
tenance after bariatric surgery. A lower increase in circulating levels of postprandial bile
acids has been reported in obese individuals, and this fact may play a role in energetic
metabolism and weight control because they have some hormonal effects, and they stim-
ulate brown adipose tissue activity for thermogenic effects. Some studies have shown
an increase in postprandial bile acids levels after RYGB, and this increase seems to be
grater in the long-term. The exact mechanism is not known, but it could be related to
the nutrient delivery to the distal small intestine [121]. In addition, the alterations in gut
microbiota after RYGB could have a role because microbiota are a key regulator of bile
acids conjugation and secondary bile acids formation [122]. Bile acid fasting levels correlate
with GLP-1 peak levels and stimulate GLP-1 secretion, probably contributing to satiety
and ß-cell insulin secretion [123]. Insulin secretion also may be facilitated via farnesoid
X receptor (FXR), which directly responds to bile acid increase [124]. Moreover, there are
bile acid receptors (TGR5 receptors) in skeletal muscle and brown adipose tissue. Thus,
the binding of bile acids to these receptors may increase energy expenditure, facilitating
thyroid hormone action. However, data are controversial, and it is not clear if energy
expenditure contributes to weight maintenance after bariatric surgery [125].

6.2. Neuronal Factors

Several studies have suggested that changes in taste preferences after bariatric surgery,
especially after RYGB and alterations in the reward system, may have an influence in
weight maintenance after surgical treatment of obesity, though data are inconclusive [126].

The mesolimbic reward pathway is a dopaminergic pathway that is key in substance
abuse disorders, and there is evidence that it is also important in obesity. Although food
intake regulation is a very complex system with many actors implied, dopamine may
mediate some aspects of eating behaviors. It is known that food reward and dopamine
functions are altered in obesity [127]. Bariatric surgery (SG and RYGB) may increase striatal
dopamine transmission, improving reward sensitivity. This improved sensitivity, along
with other factors, may help to modify eating behaviors enhancing the preference for
non-highly stimulating food. These changes in striatal dopamine transmission seem to
be related to changes in gut hormone levels after bariatric surgery, such as the decrease
in ghrelin levels and the increase in GLP-1 or PYY levels. Gut hormones are key in
the connection of the gut and brain as well as microbiota, as some gut bacteria are also
implicated in dopamine release, and the shift in gut microbiota after bariatric procedures
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may improve dopaminergic signaling. This microbiota–gut–brain axis is an important
regulator of weight control, including after bariatric surgery [126].

Finally, another interesting point is the connection between appetite, taste preferences,
and eating behavior since some changes in appetite and taste preferences have been
reported after bariatric surgery [128]. A recent study by Zhang et al. [129] investigated the
association between presurgical taste preferences and postsurgical weight regain. They
included patients who underwent RYGB or SG and had at least 2 years of follow up, and
they assessed preoperative taste preferences with a multichoice questionnaire. They found
that patients with sweet food preferences had 5.5 kg of weight regain (p = 0.038), and
patients with salty food preferences had 6.1 kg of weight regain (p = 0.048) compared to
patients with no taste preferences. After adjustment, patients with salty food preferences
showed the greater weight regain with 6.8 kg (p = 0.027) compared to patients with no
preferences. Though these results from just one study do not allow to establish robust
evidence, it is a very interesting approach to identify more factors related to weight
maintenance in the long-term after bariatric surgery.

In summary, there are very complex and intricate systems connecting gut hormones,
microbiota, and the CNS that play an important role in appetite control and energy home-
ostasis. Thus, the changes produced by SG and RYGB in this complex gut–brain axis seem
to influence weight maintenance in the medium- and long-term after surgery.

7. Conclusions

Bariatric surgery is the most effective intervention for weight loss in obese patients,
although it is not exempt from possible long-term failure and weight regain. Multiple
factors that may be related to long-term weight maintenance have been described, ranging
from the surgical technique itself to anatomical and functional modifications that lead to
changes in the microbiota–gut–brain axis through gastrointestinal hormones, bile acids,
and FXR-TGR5 influence on skeletal muscle and brown adipose tissue or dopaminergic
pathways related to appetite control and energy homeostasis. Similarly, factors such as
changes in lifestyle related to diet and physical activity, psychological factors such as
executive function disorders, and the coexistence of depressive symptoms and eating disor-
ders can play important roles in maintaining long-term weight loss. Therefore, numerous
mechanisms may contribute to changes in lifestyle and weight maintenance after bariatric
surgery; thus, continuous and comprehensive care interventions appear to be the most
successful approaches to maintaining. However, some data are discordant, and more long-
term studies are necessary in order to clearly identify predictive factors of weight regain
that allow us to optimize the management and follow-up of the obese patient undergoing
bariatric surgery.
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Abstract: A clear pathogenetic association exists between obesity and arterial hypertension, becoming
even more evident in subjects with severe obesity. Bariatric surgery has proved to be the most effective
treatment for severe obesity, with its benefits going beyond weight loss. The present review aimed to
determine the effects of bariatric surgery on arterial hypertension evident in short- and long-term
follow-ups. Moreover, the differences between surgical techniques regarding hypertension remission
are described as well as the possible pathophysiologic mechanisms involved. In addition, the effects
of bariatric surgery beyond blood pressure normalization are also analyzed, including those on target
organs and cardiovascular morbidity and mortality.

Keywords: bariatric surgery; obesity; severe obesity; hypertension; blood pressure; modifications of
structural changes

1. Introduction

Hypertension (HTN) is one of the best known and most widely studied cardiovascular
risk factors, and a close correlation between obesity and HTN has been extensively demon-
strated [1]. Thus, HTN prevalence in subjects with obesity varies between 60 and 77%, and
it is clearly higher than the 34% observed in subjects with normal weight [2]. The mech-
anisms by which obesity raises the risk of developing HTN are multifactorial, involving
structural, functional, and hemodynamic changes in the cardiovascular system [3].

Conventional medical treatment for morbid obesity has previously achieved mild out-
comes, which are probably related to limited long-term adherence to lifestyle modifications
in some patients [1]. By contrast, bariatric surgery (BS) has proved to be the most effective
therapy for these patients when both weight loss and comorbidity remission after surgery,
including HTN, were evaluated [2,3].

In this respect, owing to the widely known systematic review published by Buchwald
et al. [3] in 2004, which included a total of 22,094 patients, it has been accepted that
approximately three of every five subjects undergoing BS achieve HTN remission. However,
it must be considered that this meta-analysis mainly included studies with a short-term
follow-up, with the surgical procedures performed at that time (gastric bypass (GB), gastric
band, and biliopancreatic diversion), and most studies were retrospective and with great
heterogeneity regarding HTN remission definition. In recent years, several prospective
studies have reported mid- and long-term results after surgery, with laparoscopic sleeve
gastrectomy (LSG) emerging as the most used BS technique worldwide [4]. Moreover, the
possible underlying mechanisms responsible for HTN improvement after BS have been
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further evaluated, together with the possible benefits beyond weight loss. The present
narrative review aimed to delve into these newly acquired data.

2. Bariatric Surgery Effects on Blood Pressure

2.1. Short-Term Effects on Blood Pressure

HTN remission in the short term (<3 years) after BS has been widely analyzed in obser-
vational studies, some meta-analyses, and a few randomized controlled trials (RCT) [5–9].
Schiavon et al. [10] in 2018 published the first RCT specifically aimed at evaluating the
effect of BS on HTN remission. The GATEWAY (Gastric Bypass to Treat Obese Patients
with Steady Hypertension) trial [10] included patients with HTN (using ≥2 medications
at maximum doses or >2 at moderate doses) and a body mass index between 30.0 and
39.9 kg/m2. Subjects were randomized to GB plus medical therapy or medical therapy
alone. The primary endpoint (≥30% reduction in the total number of antihypertensive
medications while maintaining systolic and diastolic blood pressure < 140 and 90 mmHg,
respectively, at 12 months) occurred more frequently in the GB group (83.7%) compared
to the control group (12.8%). Moreover, HTN remission 1 year after surgery, defined as
systolic and diastolic blood pressure < 140 and 90 mmHg, respectively, with previous
withdrawal of all medication, occurred in approximately one-half of the patients in the
GB group and none in the conventional treatment group. It is noteworthy that the HTN
remission rate after BS obtained in the GATEWAY trial [10] was lower than those described
in other previous reports [5,6,9], including the Buchwald et al. meta-analysis [3]. This was
probably due to the first including patients who required an “aggressive” antihypertensive
treatment, in comparison to the other studies where the included patients needed one or no
antihypertensive medication. Hence, taking these results into account, if BS were primarily
indicated to control refractory HTN, the chance of achieving remission would probably
be close to 50% in the short term. In accordance with these data, it has been reported
that the number of antihypertensive drugs prior to surgery was associated with a lower
remission rate during the first year [9]. Another relevant result obtained from the GATE-
WAY study was that no differences in systolic and diastolic blood pressure levels were
observed between groups during follow-up. This seems to indicate that if good titration
of the medication is made during follow-up considering blood pressure levels, the effects
of BS on HTN are mainly reflected in the reduction in the number of antihypertensive
medications.

2.2. Mid- and Long-Term Effects

Less evidence exists on the mid- (3–5 years) and long-term (>5 years) effects of BS on
HTN remission compared to other obesity comorbidities such as type 2 diabetes, and this
evidence is mainly available from observational studies [2,11,12].

The results obtained in the mid- and long-term after BS were more modest compared
to those achieved with a shorter-term follow-up. Regarding this, our group had previously
evaluated HTN remission after BS with a 36-month follow-up, observing that 68.1% of
hypertensive patients showed HTN remission 1 year after the surgical procedure, 21.9% of
whom had relapsed at 3 years [9]. A possible justification for these less favorable results
seems to be explained, at least in part, by weight regain after surgery. It must be taken into
account that maximum weight loss is achieved during the first 12 months post-surgery, and
from this point onwards, weight regain and worsening of certain metabolic parameters
usually emerge. This coincides with the results obtained in our cohort, where milder
weight loss during the first year was also associated with increased HTN recurrence at
3 years [9].

However, BS still presents more beneficial outcomes in the mid- and long-term follow-
up compared to conventional treatment. In this respect, various RCT [13–15] compared
BS to conventional treatment with a 5-year follow-up. Mingrone et al. [13] found that the
BS group and conventional treatment maintained similar blood pressure levels 60 months
after surgery. Nevertheless, more subjects in the latter group required antihypertensive
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medication (73% with conventional treatment versus 58% after GB and 32% after biliopan-
creatic diversion). Similarly, Ikramuddin et al. [15] also found a favorable trend toward
BS. In that study, primary systolic blood pressure < 130 mm Hg at 5 years was obtained in
73% in the GB group versus 49% in the lifestyle and intensive medical management group
(odds ratio (OR), 2.71; 95% CI, 0.95–7.78; p = 0.06).

The superior results obtained with a surgical approach compared to lifestyle modi-
fications have also been further confirmed with a longer-term follow-up. In this respect,
the Swedish Obese Subjects cohort [2] observed a greater reduction in blood pressure
levels after GB compared to a non-surgical approach, with a mean follow-up of 10 years.
Moreover, the percentage of patients requiring antihypertensive treatment was also lower
after BS compared to the control group (35% vs. 53%; p < 0.001), with these results being in
line with other previous studies [11,16].

Systematic reviews and meta-analyses also confirmed the superiority of BS, which
was previously observed with a short-term follow-up. In this respect, Vest et al. [17] in
2012 (including 70 observational studies and three RCT) reported a 63% resolution or
improvement in HTN with a mean follow-up of approximately 5 years. Similarly, Wilhelm
et al. [8] in 2014 (including 31 prospective and 26 retrospective studies) observed 50% and
63.7% HTN resolution or improvement, respectively, with a mean follow-up varying from
1 week to 7 years post-surgery. Of the 57 studies included, 32 reported HTN improvement
(OR, 13.24; 95% CI, 7.73–22.68; p < 0.00001) and 46 reported HTN resolution (OR, 1.70; 95%
CI, 1.13–2.58; p = 0.01).

However, although studies with a longer follow-up confirmed the beneficial out-
comes after BS in comparison to conventional treatment regarding HTN evolution, an
RCT specifically focused on evaluating HTN remission at mid- and long-term after BS
is lacking. Moreover, the possible differences among the most used surgical procedures
(including malabsortive, restrictive, or both surgical approaches) must not be ignored, as
detailed below.

2.3. Differences among Surgical Procedures

Considering the different BS procedures, GB has been considered, until recently, the
gold standard technique owing to its favorable results in both weight loss and comorbidity
remission [18]. However, in recent years, LSG also proved to achieve comparable promising
results to GB, hence becoming the most used BS procedure in 2014 [4]. Moreover, LSG is
a technically easier procedure compared to GB [19,20], with a presumably lower risk of
perioperative complications [18].

In order to shed light on the effects of both BS techniques, our group carried out a
meta-analysis to evaluate 1 and 5-year HTN remission after both procedures [21]. Thirty-
two articles were involved, with a higher HTN remission rate being observed with GB
compared to LSG both at 1 year (RR, 1.14, 95% CI, 1.06–1.21) and at 5 years (RR, 1.26, 95%
CI, 1.07–1.48) after surgery. Blood pressure improvement after surgery was also evaluated.
No differences were found between GB and LSG in terms of systolic or diastolic blood
pressure changes at both 1 and 5 years. Thus, we could speculate that although patients in
the LSG group were less likely to present HTN remission after BS, and hence not all the
antihypertensive medication could be withdrawn, overall blood pressure levels in both
groups were equivalent after surgery. It is also important to highlight the fact that the
superiority of GB over LSG was observed when all studies were included, as well as when
only the highest evidence studies (RCT) were evaluated.

Thus, although some studies obtained more promising results regarding HTN remis-
sion after GB compared to LSG, the superiority of GB must be further confirmed with
longer-term follow-up (>5 years).

2.4. Metabolic Surgery and HTN

Owing to the favorable results (which go beyond weight loss) of BS in obese subjects,
the concept of metabolic surgery has gained importance in recent years [22], with the
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focus on the physiologic modifications that occur after surgery, which lead to comorbidity
improvement [23]. Moreover, the metabolic effects of the surgical procedure become more
evident when obesity comorbidities improve within days after BS and when significant
weight loss has not yet been achieved [8].

This fact has opened debate on whether BS should be indicated in patients with body
mass index < 35 kg/m2 for comorbidity improvement, which was addressed in previous
observational publications mainly aimed at glycemic improvement after surgery but also
at achieving hopeful results regarding HTN remission [24,25].

Five RCT [5,26–29] also assessed the effects of BS in subjects with class I obesity, ob-
serving positive results in blood pressure evolution, nearly equivalent to those obtained
in patients with body mass index > 35 kg/m2 (Table 1). However, the main limitation
when evaluating these data was the heterogeneity of the definitions used for remission or
improvement in the different studies, as some considered total withdrawal of antihyperten-
sive medication and others only blood pressure normalization. In order to standardize all
studies evaluating comorbidity remission with grade I obesity, the International Federation
for the Surgery of Obesity and Metabolic Disorders (IFSO) realized a position statement
in 2014 [30] summarizing the scientific background concerning BS in class I obesity. They
concluded that a clinical decision of whether to deny BS to these patients should be based
on a more comprehensive evaluation of the patient’s current global health and on a more
reliable prediction of future morbidity and mortality. Hence, future observational studies
and RCT with a longer-term follow-up are necessary.

Table 1. Randomized trials of bariatric surgery including patients with body mass index <35 kg/m2.

Study N BMI
(kg/m2)

Follow-Up
(Months)

Intervention
Groups

Weight Loss HTN-Related Outcomes

O’Brien et al. 80 30–35 24
LAGB

Conventional
therapy

87.2% EWL
21.8% EWL

−10.8% decrease in SBP/−10.9% decrease in DBP
−7.2% decrease in SBP/−1.58% decrease in DBP

Dixon et al. 60
30–40
(21.7%

BMI < 35)
24

LAGB
Conventional

therapy

20.7 TWL
1.7 TWL

−6.0 mmHg decrease in SBP/−0.7 mmHg decrease
in DBP

−1.7 mmHg decrease in SBP/−0.9 mmHg decrease
in DBP

Lee et al. 60 25–35 12
Minigastric

bypass
LSG

94% EWL
76% EWL

12 months: SBP 119.6 mmHg/DBP 74.2 mmHg
12 months: SBP 123.5 mmHg/DBP 75.4 mmHg

Schauer et al. 150
27–43

(34% BMI
< 35)

12

LRYGB
LSG

Intensive medical
therapy

88% EWL
81% EWL
13% EWL

78% subjects antiHTN medication baseline/33% at
12 months

67% subjects antiHTN medication baseline/27% at
12 months

76% subjects antiHTN medication baseline/77% at
12 months

Ikramunddin
et al. 120

30–40
(59.2%

BMI < 35)
12

LRYGB
Intensive medical

therapy

26.1 TWL
7.9 TWL

Remission: 84% subjects SBP < 130 mmHg at 12
months

12 months: SBP 115 mmHg/DBP 68 mmHg
Remission: 79% subjects SBP < 130 mmHg at 12

months
12 months: SBP 124 mmHg/DBP 74 mmHg

BMI: body mass index; DBP: diastolic blood pressure; EWL: excess weight loss; HTN: hypertension; LABG: laparoscopic adjustable gastric
banding; LRYGB: laparoscopic Roux-en Y gastric bypass; LSG: laparoscopic sleeve gastrectomy; SBP: systolic blood pressure; TWL: total
weight loss.

2.5. Possible Mechanisms Related to HTN Improvement

Although weight loss has proved to be a key factor in comorbidity improvement
after BS, other underlying factors may also play an important role. With regard to blood
pressure improvement after BS, the reasons are probably multifactorial and remain under
debate (Figure 1) [31,32].
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Figure 1. Mechanisms related to HTN remission. RAAS = Renin–angiotensin–aldosterone system; Na = Sodium; SNS �=
sympathetic nervous system. ↑ �= increase; ↓ �= decrease.

It has been speculated that a decreased inflammatory response together with an
improvement in insulin resistance could reduce arterial stiffness and sodium reabsorption
and hence lead to normalization of blood pressure levels [33]. Patients with central obesity
are known to have increased activation of the renin–angiotensin–aldosterone system, which
may also normalize after surgery [34].

In addition, an increase in gastrointestinal gut hormones such as peptide YY (PYY) and
glucagon-like peptide-1 (GLP-1) could also play an important part due to their effects on
the gastrointestinal system together with a diuretic and natriuretic effect on the kidney [35].
Furthermore, a possible effect of GLP-1 on the sympathetic nervous system, which may
play a part in the blood pressure-lowering effect after BS, has also been described [36].
Ghrelin may also aid in normalizing blood pressure levels, although its levels may raise,
fall, or remain unchanged after BS, depending on the surgical procedure [37].

Furthermore, adipokines and other inflammatory cytokines also appear to be related
to HTN recovery. In this respect, previous studies observed a decline in leptin levels from 1
week up to 1 year after BS together with increasing adiponectin concentrations [38]. More-
over, as insulin sensitivity increases, C-reactive protein and interleukin-6 levels decrease,
thus ameliorating adipocyte inflammation and in turn preventing vascular constriction [39].

Finally, the resolution of other obesity comorbidities (which share pathophysiologic
mechanisms with HTN) such as obstructive sleep apnea could also play a part in blood
pressure improvement [40,41].

The underlying mechanisms related to the possible superiority of GB over LSG are
also worth mentioning. The main accepted hypothesis is that these differences could
be explained by the superior weight loss after GB in the mid- and long-term follow-
up. As mentioned previously, the possible role of gastrointestinal hormones in HTN
improvement after surgery gains value, as some studies observed a decrease in blood
pressure levels within the first week post-BS and when weight loss was minimal [8]. In
this respect, a previous study found significant reductions in both systolic (9 mm Hg) and
diastolic (7 mm Hg) blood pressure 1 week after GB, and these were maintained 1 year after
surgery [42]. Considering the different surgical procedures, GLP-1 and PYY are known to
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increase after both, but they increase more intensely after GB [42,43], which may account
for the more favorable results after this procedure.

3. Bariatric Surgery Benefits beyond Blood Pressure Improvement

3.1. Organ Damage Changes

Patients with morbid obesity have a higher prevalence of target organ damage than
patients of normal weight, and HTN is clearly related to its development. These target
organ alterations mostly refer to changes in heart, vessels, and kidney structure and
function [44].

3.1.1. Cardiac Changes

Regarding cardiac changes, several works reported echocardiographic alterations,
both morphologic and functional, in obese patients [45,46]. The main alterations consisted
of left ventricular (LV) hypertrophy and impaired LV diastolic function, while LV sys-
tolic dysfunction was less common and, on these lines, reports concerning the ejection
fraction in obese patients were contradictory [47]. Morphologic LV alterations have been
described in patients with morbid obesity, with 56% of LV hypertrophy being reported from
a meta-analysis of 22 studies including 5486 obese subjects [45]. Many of these changes are
precursors of more overt forms of cardiac dysfunction and heart failure [48]. Indeed, obe-
sity clearly increases the risk of atrial fibrillation, myocardial infarction, heart failure, and
sudden death [49]. Beyond findings from observational epidemiology, Larsson et al. [50]
recently found evidence that a genetically instrumented 1 kg/m2 higher body mass index
is associated with an increased risk of aortic stenosis, heart failure, deep venous thrombosis,
HTN, peripheral artery disease, coronary artery disease, atrial fibrillation, and pulmonary
embolism (estimates in the range of 6–13% higher risk). The findings for fat mass were
broadly consistent. Specifically, the link between obesity and heart failure is known to
be stronger than those for other cardiovascular disease subtypes and is uniquely unex-
plained by traditional risk factors [51]. However, the findings apparently diverged from
observational studies for ischemic stroke, and this field merits further investigation [50].

In relation to the mechanisms responsible for cardiac improvement after BS, several
authors concur in that the effects of weight-loss surgery on cardiac function and mor-
phology are either hormonally or centrally regulated, probably with an important role for
leptin and other adipokines [52], as well as for the renin–angiotensin–aldosterone axis [53];
however, further insight needs to be gained into the mechanisms underlying changes in
cardiovascular function after weight loss.

Importantly, these cardiovascular structure and function alterations have also proved
to be reversible with weight loss strategies such as BS, resulting in lowered cardiovascular
risk [54]. The effects of BS on cardiac structure and function were recorded in a systematic
review of 23 studies and meta-analysis [55], showing that in obese patients with preserved
LV systolic function, BS induced significant decrements of absolute LV mass and relative
wall thickness (RWT), which are all reliable indexes of LV hypertrophy and LV geometry
that have been shown to predict cardiovascular outcomes. Furthermore, that meta-analysis
showed improvements in LV diastolic function, as reflected by a clear-cut increase in the
mitral flow ratio of the early (E) to late (A) ventricular filling velocities (E/A ratio), as well
as decreases in left atrium size, which is an indirect marker of chronically elevated LV filling
pressure and diastolic dysfunction. As for LV hypertrophy and RWT, similar results were
reported by Owan et al. [56] 2 years after BS. Those authors found that the decreases in
LV mass index and RWT correlated with body mass index reduction but not with changes
in blood pressure. Of note, one of the most salient observations of the BARIHTA study
by our group was that even severely-obese patients with strictly normal blood pressure
experience an improvement in morphologic and functional LV parameters after BS [53].
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3.1.2. Vessel Changes

One of the main manifestations of vessel alteration is the development of arterial
stiffness (AS). It is considered to be an independent cardiovascular risk factor [57] and is
defined as the diminished ability of an artery to expand and contract in response to a given
pressure change [58]. Pulse wave velocity (PWV) is the gold standard for AS measure-
ment [59]. In the last two decades, excess body weight has been found to be associated with
greater aortic stiffness in young and older adults [60]. Therefore, increased AS may be one
of the mechanisms by which obesity raises cardiovascular risk independently of traditional
risk factors. Indeed, high PWV predicts outcomes independent of the Framingham Risk
Score, and it is associated with increased cardiovascular disease risk regardless of HTN
status [61]. On the same lines, some authors suggested that AS may precede rises in systolic
blood pressure and incident HTN in obese individuals [62].

Regarding the effect of BS on AS, several studies reported a significant decrease in both
PWV and the augmentation index, another marker of AS, several months after BS [63–65].
The potential mechanisms responsible for the reduction in AS after weight loss are not
clear. Some authors [66] found a correlation between weight loss and reduction in PWV
independently of changes in established hemodynamic and cardiometabolic risk factors,
and other groups [64], but not all [60], suggested that this correlation is mediated by the
drop in blood pressure. On the other hand, elevated cardiac volume and output in obese
individuals were also noted as possible mediators of AS, more importantly than elevated
BP [67].

3.1.3. Renal Changes

Obesity is an independent risk factor for kidney disease, regardless of diabetes and
HTN, both of which are driven largely by obesity [68]. Hyperfiltration is the hallmark of
obesity-associated kidney dysfunction, and the main proposed mechanisms for this associ-
ation are hemodynamic factors, inflammatory cytokines, and renal lipotoxicity [68,69]. As
regards hemodynamic factors [70], excessive weight initially causes functional renal vasodi-
lation and increases in renal blood flow and glomerular hyperfiltration prior to nephron
injury. These changes are later followed by declines in renal blood flow and the glomerular
filtration rate (GFR) as a result of kidney injury and gradual loss of nephrons. Increased
extracellular fluid volume results from the obesity-associated increase in tubular sodium
reabsorption. This may be related to the elevated levels of anti-natriuretic hormones such
as angiotensin II and aldosterone, as a consequence of both kidney compression by vis-
ceral, perirenal, and renal sinus fat and of the increased renal sympathetic nerve activity.
These and other contributors may be linked by the altered macula densa feedback (tubu-
loglomerular feedback) to the observed afferent arteriola vasodilation. Sodium balance
may be re-established despite increased sodium chloride reabsorption in the loop of Henle
through compensatory increases in the GFR and blood pressure elevation. Furthermore,
mineralocorticoid receptor (MR) activation may also contribute to renal vasodilation. MR
expressed on macula densa cells are activated by aldosterone, thereby increasing their
production of nitric oxide and leading to renal vasodilation and glomerular hyperfiltration.
Despite the adaptative value of glomerular hyperfiltration in offsetting renal sodium reab-
sorption, this increase in glomerular hydrostatic pressure probably contributes greatly to
the renal injury observed in obesity.

Obesity also favors a deleterious adipocytokine pattern [68,69] characterized by the
overproduction of angiotensinogen and angiotensin II as well as the upregulation of
pro-inflammatory cytokines such as interleukin-6, C-reactive protein, and tumor necrosis
factor-α. These factors induce renal fibrosis via the transforming growth factor-β (TGF-β)
pathway and via oxidative stress, as shown by experimental models. Moreover, obese
individuals are known to have high levels of serum leptin and high expression of leptin
receptors in the kidney, which also stimulate cellular proliferation and expression of the
prosclerotic TGF-β1 cytokine implicated in the early scarring formation of renal failure.
Finally, reduced levels of another adipokine, adiponectin, have been implicated as a mecha-
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nism of obesity-related renal impairment through podocyte damage leading to albuminuria.
Pathologic changes due to long-lasting hyperfiltration include the development of glomeru-
lomegaly and renal lesions of focal segmental glomerulosclerosis, leading to obesity-related
glomerulopathy [71]. Thus, hyperfiltration, i.e., GFR higher than 120 mL/min/1.73 m2,
and albuminuria, biomarkers of kidney function and damage, respectively, characterize
renal alterations in obese patients.

The gold-standard method to assess the GFR is measurement of the renal clearance
of an exogenous filtration tracer (inulin, 51 Cr-EDTA, 125 I-iothalamat, iohexol); however,
most studies use GFR (eGFR) estimations derived from prediction equations. These equa-
tions were obtained by regression analyses in various populations with body mass index <
30 kg/m2, where the GFR was measured by the gold standard method, but these are not
accurate in obesity classes II and III [68]. Thus, it is unclear how reliably creatinine-based
eGFR equations perform among those with obesity, especially when faced with results
normalized to a body surface area of 1.73 m2 since, after BS, patients lose not only fat but
also muscle mass, which generates creatinine [72]. Furthermore, although body surface
area, which is considered in the eGFR equations, is vastly reduced after BS, it is not reflected
in the eGFR results routinely available [73]. Cystatin C has been suggested as a potential
alternative since, unlike creatinine, it does not come strictly from muscle. However, it has
not been validated as a reliable biomarker of GFR in obese patients, nor has its laboratory
assay been standardized as for creatinine. On the other hand, measurement of albumin
excretion rates via albumin-to-creatinine ratios (ACR) in fresh spot urines or absolute
excretion rates in timed urine collection has become a more reliable measurement of renal
damage [74].

Overall, patients with complicated obesity will likely benefit from the weight loss
after BS [75]. Li et al. [76] reported a systematic review and meta-analysis from 32 studies
showing significant reductions in hyperfiltration (measured GFR, eGFR, and creatinine
clearance with and without adjustment for body surface area), albuminuria (defined as
an ACR of more than 30 mg/g of creatinine), and proteinuria after BS. They reported
a reduction in hyperfiltration (RR: 0.46, 95% CI 0.26–0.82, p = 0.008) after surgery when
analyzed as a dichotomous variable as well as statistically significant decreases. Moreover,
drops were observed in the incidences of albuminuria and proteinuria after BS of 58% and
69%, respectively (p < 0.0001 for both). Data on the 4047 patients included in the Swedish
Obese Subjects study [77], comparing patients undergoing BS and controls followed up
for a median time of 18 years, showed a lower incidence of chronic kidney disease (CKD)
stages 4 and 5 in patients in the surgery group (adjusted HR = 0.33; 95% CI 0.18–0.62;
p < 0.001). Similarly, O’Brien et al. [78] in a retrospective analysis reported a 59% lower
incidence of nephropathy at 5 years in a cohort of 4000 diabetic patients undergoing BS
compared to 11,000 matched non-surgically treated patients. Friedman et al. [75] analyzed
2144 obese patients who underwent BS and found an improvement in CKD risk categories
in a large proportion of patients over a 7-year follow-up period. They reported that the
reduction in risk was most pronounced in persons with high baseline risk.

As regards renal protective factors, Favre et al. [68] reported that low C-reactive
protein levels, high fat mass, lack of HTN, and young age predicted kidney protection in
severely obese patients undergoing BS.

The mechanisms behind the improvement in risk factors following BS are not well
understood. Glomerular function may be related to restoration in homeostasis of the renin–
angiotensin system through better renal perfusion and to the restitution of normal insulin
signaling in glomerular podocytes and attenuation of hyperfiltration. Additionally, this
improvement may also be secondary to reductions in the pro-inflammatory state related
to obesity [74] as measured by urinary monocyte-chemoattractant protein-1/creatinine
ratios [73]. It has recently been shown that the glucagon-like peptide 1 (GLP-1), an incretin
hormone released by intestinal endocrine L cells, exerts renoprotective effects by inhibiting
tubular reabsorption of sodium. These effects increase after BS, suggesting a role in the
improvement in glomerular function. As for albuminuria remission, at least in obese
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diabetics, the restitution of podocyte health may be a key cellular event contributing to the
benefits of BS.

Obese patients who undergo BS may also experience some renal complications. Lieske
et al. [72] reported that up to 50% of these patients might be hyperoxaluric one year after
surgery, and the risk of new kidney stone events doubled compared with unoperated obese
controls. Nevertheless, the net effect on long-term kidney health is potentially positive for
most patients.

3.2. Implications in Cardiovascular Morbidity and Mortality

Moving a step forward, the next question to answer is: what is the real impact of HTN
improvement after BS in terms of cardiovascular morbidity and mortality reduction? It
has previously been reported that BS reduces the number of cardiovascular events and
mortality rates in patients with morbid obesity. For instance, the Swedish Obese Subjects
Study Group [79] observed a reduced number of cardiovascular deaths in the surgical
group compared to the control group (28 events among 2010 patients vs. 49 events among
2037 patients; adjusted hazard ratio (HR), 0.47; 95% CI, 0.29–0.76; p = 0.002) during a
median follow-up of 14.7 years. In that same cohort, the number of total fatal or non-
fatal cardiovascular events (myocardial infarction or stroke) was also lower in patients
undergoing BS. Other studies yielded similar results, thereby confirming the beneficial
effects of BS on cardiovascular morbidity and mortality [80,81].

Although the observed reduction in cardiovascular disease prevalence after BS is
probably multifactorial, it can be assumed that HTN improvement probably plays a key
role, although this remains to be confirmed. In fact, the Swedish Cohort [79] failed to find
an association between weight loss and cardiovascular event reduction, thus highlighting
the possible role of other factors that could explain the improvement in cardiovascular
outcomes. In this respect, the decline in cardiovascular risk following the improvement
in blood pressure levels after BS could be related to a reduction in target organ damage
(including cardiac, vessel, and renal changes), as described previously in the present
review [44,82].

However, the possible “obesity paradox” must also be acknowledged. This refers to a
more favorable evolution regarding cardiovascular or renal outcomes in patients with a
higher body mass index. This possible paradoxical effect observed in some studies could
be explained by increased tumor necrosis factor (TNF-α) receptors in adipose tissue or an
earlier diagnosis of cardiovascular events in the obese population, among others. Despite
this, the underlying mechanisms of this possible paradox in obese population are still being
investigated in order to achieve more solid conclusions [83].

4. Conclusions

BS has proved to be a highly effective treatment for obesity-associated HTN, achieving
HTN remission in more than half of patients. However, a greater need for antihypertensive
medication prior to BS and less weight loss during follow-up are both factors that may
hinder the achievement of complete HTN remission.

Moreover, a decline in cardiovascular morbidity and mortality has also been observed
after BS in morbidly obese subjects. These favorable results regarding cardiovascular
outcomes may be mediated by multiple mechanisms that go beyond weight loss, one of
which may be improved blood pressure levels together with a decline in target organ
damage. However, future studies are required in this field for more solid conclusions to
be drawn.
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Abstract: Several surgical procedures are performed for the treatment of obesity. A main outcome
of these procedures is the improvement of type 2 diabetes mellitus. Trying to explain this, gas-
trointestinal hormone levels and their effect on organs involved in carbohydrate metabolism, such
as liver, gut, muscle or fat, have been studied intensively after bariatric surgery. These effects on
endocrine-cell populations in the pancreas have been less well studied. We gathered the existing
data on these pancreatic-cell populations after the two most common types of bariatric surgery,
the sleeve gastrectomy (SG) and the roux-en-Y gastric bypass (RYGB), with the aim to explain the
pathophysiological mechanisms underlying these surgeries and to improve their outcome.

Keywords: sleeve gastrectomy; roux-en-Y gastric bypass; beta-cell; alpha-cell; epsilon-cell; islet;
trans-differentiation

1. Introduction

Bariatric/metabolic surgery has been a powerful tool for the treatment of diabetes
mellitus for a long time. Sleeve gastrectomy (SG) and roux-en-Y gastric bypass (RYGB) are
two of the most performed ones [1,2] as Figure 1 shows.

Changes in energy homeostasis and body fat mass have been proposed as a primary
mechanism to explain these phenomena [3,4], but other mechanisms such as changes
in several gastrointestinal hormones also seem to be involved with a large number of
publications written on the topic. Many of them have related the anatomical changes in
the gastrointestinal tract after surgery with the modification of serum levels of glucagon
like peptide-1 (GLP-1) [5], ghrelin [6], peptide tyrosine-tyrosine (PYY) [7], gastrointestinal
inhibitory peptide (GIP) [8], or even leptin [9], among others, in humans and animal models.
Their involvement is clear, but the exact mechanisms and their degree of participation
remain partially unknown.

At the other end of the entero-pancreatic axis, the endocrine pancreas containing
Langerhans islets determines changes in carbohydrate metabolism after bariatric/metabolic
surgery. Their hormonal secretions before and after bariatric/metabolic surgery have been
widely studied in plasma or serum from animals and humans [10,11] but the islet cell
composition and its paracrine interactions have been studied less. We will attempt to
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summarize what we know about the subject by means of a bibliographical review of the
most relevant works published on the subject.

 
(A) (B) 

Figure 1. Schematic drawing of Sleeve Gastrectomy and Roux-en-Y Gastric bypass. (A) Sleeve Gastrectomy (SG). Represen-
tation of a common human sleeve gastrectomy (SG) procedure. The SG is a surgical procedure including a reduction of
final gastric volume, since most of the gastric major curvature is resected. The stomach is reduced to a cylindrical pouch
removing most of the fundus, stomach-corpus and antrum. The pylorus and minor curvature is preserved. SG reduces
the initial stomach volume by approximately 15–20%. In animal models this configuration is maintained since the final
gastric pouch volume and valves are preserved. (B) Roux-en-Y Gastric Bypass (RYGB). Representation of a common human
roux-en-Y gastric bypass (RYGB) surgery. This includes a transverse section of the stomach performed from the major to the
minor curvature, configuring a gastric pouch. This pouch of the stomach continues to the food handle with an alimentary
bulb, which continues with the medium portion of the jejunum. RYGB, a mixed malabsorptive and restrictive technique,
excludes the antrum and the proximal intestine to aliments by bypassing the duodenum and the initial part of the jejunum.
This includes biliopancreatic secretion, which determines the malabsorptive component. The biliopancreatic bulb connects
with the mid jejunum. In rats, the model was reproduced similarly with minor modifications according to the animal
anatomy. Exempli gratia, the jejunal alimentary bulb was 10 cm due to the usual intestinal medium extension of 80 cm.
Original figure seen in https://sagebariatric.com/about-surgery-home/sleeve-gastrectomy (accessed on 22 July 2021).

2. Methods and Results

This paper is a narrative literature review text that aims to expose the framework
surrounding the effects of RYGB and SG on endocrine-cell populations in the pancreas. We
performed a selective search of numerous articles in different databases, as well as books.

The literature of the main scientific databases was reviewed. The search was limited
to documents published between 2001 and 2021. These databases were Medline, PubMed,
Chochrane and Scopus. In addition, a search was carried out on academic websites, such
as Google Scholar, SciELO and Dialnet. The main Boolean operators used were: AND, OR
and NOT, and the key words were sleeve gastrectomy; roux-en-Y gastric bypass; beta-cell,
alpha-cell; epsilon-cell; islet; trans-differentiation. Due to the large number of studies
found, the following criteria were applied to filter the results and work with the most
relevant studies.

Inclusion criteria: Original articles, systematic reviews and meta-analyses concerning
modifications of the endocrine pancreas after bariatric or metabolic surgery in humans or
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animal models. Papers published in English in the last 20 years (2001–2021). We prioritised
information from systematic reviews and meta-analyses with high scientific evidence.

Exclusion criteria: Papers not related to the topic or not meeting the inclusion criteria.
In the end, a total of 435 articles were found that met the search criteria. Of these,

47 were selected for the preparation of this manuscript. As Table 1 shows, a large number
of disciplines are involved in the study of the topic.

Table 1. Search Results. Break down of the total number of articles used to prepare the work. The left column represents the
different fields of research of each journal citation (Journal Citation Report categories). The central column contains the
number of citations found in each category and the right column contains the number and percentage of citations selected
for the manuscript.

Research Field (JCR) Number of Articles Obtained
Number and % of Articles

Selected

Endocrinology & Metabolism 223 22 (46.80%)
Surgery 91 6 (12.76%)

Cell Biology 29 4 (8.50%)
Medicine General & Internal 27 4 (8.50%)

Biochemistry & Molecular Biology 21 2 (4.25%)
Multidisciplinary Sciences 14 2 (4.25%)

Medical Research & Experimental 11 2 (4.25%)
Gastroenterology & Hepatology 11 2 (4.25%)

Genetics & Heredity 4 1 (2.12%)
Pediatrics 3 1 (2.12%)

Peripheral Vascular disease 1 1 (2.12%)
Total of Research fields 435 47 (100%)

3. Discussion

3.1. The Sleeve Gastrectomy and the Islet Architecture

Bariatric/metabolic surgery involves different techniques leading to different effects
on pancreatic cell populations. Currently, sleeve gastrectomy (SG) is one of the most
performed techniques. A consequence of this procedure is the drastic removal of the
gastric fundus and corpus ghrelin-producing cell population. This situation leads to
35–45% reduction of blood ghrelin levels after gastrectomy in humans [12–14]. However,
a recent study described the expansion of the pancreatic residual postnatal epsilon-cell
population with recovery of plasma ghrelin levels in rats twelve weeks after SG. This
expansion takes place at the expense of pancreatic cell progenitors that differentiate into
epsilon-cells showing a high expression of lineage markers such as neurogenin-3 (Ngn-3)
but not homeodomain protein Nkx2.2 (Figure 2) [15].

This leads us to believe in an adaptive response of the endocrine pancreas to low
circulating ghrelin levels and in a possible explanation of the improvement of beta cell
function after SG if we take into account the protective role of ghrelin on it [16].

Furthermore, this surgery does not only affect the epsilon-cells in the islets. It is clear
that SG preserves the beta-cell function, at least for a while [17,18]. This could be explained
by the increase of GLP-1 receptor expression in beta cells after SG, implying an increase
in paracrine sensitivity to GLP-1 [19,20]. However, there are doubts about this due to a
recent study with a modified mouse model involving an inducible knockdown of GLP-1r in
beta-cells (GLP1rβ-cell-ko), which showed improved glycemic profiles, to the wild-nature
level, after SG [21]. Other researchers have linked the maintenance of beta-cell mass and
beta-cell identity markers such as PDX-1 or MafA [22] (Picture 2) to high levels of gastrin
after SG, as well as to correction of long-term blood glucose levels in rodents [23].
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Figure 2. Pancreatic endocrine cell identity markers and possible cell trans/differentiation pathways after SG/RYGB.
Pancreatic endocrine-cell identity markers and possible cell differentiation pathways from progenitor-cells (Black arrows) or
trans-differentiation from other pancreatic endocrine-cells (Blue arrows) after sleeve gastrectomy or roux-en-Y gastric bypass.

This brings us to the problem of diabetes relapse after SG, which is as high as 41.6% of
cases five years after surgery [2]. Liu et al. proposed long-term recovery of insulin
sensitivity without beta-cell dysfunction as an answer to the question [24], but a recent
work showed loss of beta-cell mass and a strong increase in alpha-cell mass in Wistar rats
twelve weeks after SG. Trans-differentiation of the beta-cell population under stressful
situations with loss of beta-cell markers such as PDX-1 and gain of alpha-cell markers such
as Pax-6 and Arx has been shown [25] (Figure 2). Moreover, this is supported by studies
performed on mice outside the scope of bariatric surgery where alpha-cell populations
labeled with Gcg-Cre lineage tracers showed a dilution of the marker at the expense of the
beta-cell population throughout life [26]. Therefore, the appearance of alpha-cells at the
expense of the beta-cell population may explain the long-term relapses in diabetes after SG.

Finally, the protective effect of the somatostatin-14 isoform on Min6 pancreatic beta
cells of mice has recently been verified, limiting the stress markers HSPa1 and Ddit3
and apoptosis [27]. This together with the occurrence of delta-cell hyperplasia in Goto-
Kakizaki diabetic mice [28] makes us think about a possible role of this delta population
in the mechanisms underlying SG. This seems to be reinforced by the ability of ghrelin to
activate the paracrine secretion of somatostatin [29] as mentioned above. However, due
to the difficulty in carrying out these studies in humans and the ethical aspects, further
investigation on animal models is needed to clarify this issue and the possible involvement
of other pancreatic endocrine populations.

3.2. The Roux-en-Y Gastric Bypass and the Islet Architecture

Roux-en-Y gastric bypass appears to be the most powerful tool for the management of
obesity and hyperglycemia in patients [30]. This procedure has demonstrated its efficiency
in increasing beta-cell function in animal models and patients [31,32]. It also appears to
increase beta-cell mass after surgery in both animal models and patients [33,34]. GLP-1
activity has been proposed as responsible for these effects on beta-cell mass after RYGB [35].
On the other hand, glucose improvement after RYGB has long been reported in mice
models of functional GLP-1 and GLP-1 receptor deficiency, suggesting a GLP-1 independent
mechanism for glycemic control after surgery [36]. Another very interesting candidate
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is intra-islet PYY. Guida et al. reported a large increase in islet PYY content after RYGB,
mediated by locally produced PYY but not GLP-1 glucose-stimulated insulin secretion.
Furthermore, interleukin-22 (IL-22) seems to play a key role in the increase of intra-islet
expression of PYY after RYGB. This situation would imply that non-surgical treatment for
diabetes is possible [37].

An interesting study would be to determine the participation of pancreatic delta-cells
in the maintenance of beta-cell mass after RYGB surgery since a recent study demonstrated
that delta-cells become insulin-expressing cells after the ablation of insulin-secreting beta-
cells in human islets [38] (Figure 2). This should be investigated in the future.

Other cell types, such as pancreatic epsilon-cells, do not seem to be affected after
RYGB [15]. However, high plasma ghrelin levels were detected in obese mice six weeks
after RYGB, probably due to an expansion of ghrelin-producing cells in the duodenum and
stomach of these mice [39].

On the contrary, the plasticity of the pancreatic alpha-cell population under stressful
circumstances is well known. Pregnancy or intermittent fasting are capable of enhancing
the alpha-cell mass in mice [40,41]. Some factors related to the functionality of hepatic
glucagon receptors (GCgr) have been proposed as brakes and regulators of alpha-cell
population expansion in animal models [42]. In this sense, RYGB is also able to cause an
increase in the alpha-cell population in mice six months after the operation, including a
loss of beta identity markers such as PDX-1 and a gain of alpha-cell markers such as ARX
in the islets (Figure 2). All of this suggests long-term trans-differentiation of beta-cells into
alpha-cells after surgery [25].

This brings us to long-term relapse of diabetes again. Like SG, the outcomes of
RYGB published in relevant trials have shown a progressive worsening of diabetes-related
parameters such as glycated hemoglobin, reaching a 50% relapse in diabetes at five years [2].
Patel et al. proposed weak beta-cell function and peripheral insulin resistance as possible
causes of relapse after RYGB [43]. An decrease in beta-cell mass and an increase in alpha-
cell mass could explain this, but what is the mechanism that triggers trans-differentiation?
Hyperinsulinism and subsequent hypoglycemia have been a problem after RYGB but also
may be the answer [44]. In this sense, RYGB seems to cause an extreme requirement and
stressful situation to the beta-cell population, triggering conversion to alpha-cells [45].
According to this, a study in patients reported hyperinsulinism but elevated postprandial
glucagon secretion after RYGB. However, the same study did not report extremely increased
beta cell function [46]. The landscape is complex and exciting and could be a good line of
research to improve the efficiency of these surgeries in the remission of diabetes.

4. Conclusions

SG and RYGB are a therapeutic option not only for overweight but also for diabetes.
The effects of these surgeries on enterohormonal levels have been extensively studied
but on another level, further research on endocrine pancreatic cell populations is also
needed. Nevertheless, it seems that different pathophysiological mechanisms underlie
each of these surgeries, at least in reference to their pancreatic involvement. This is a
complicated issue in humans. However, a better understanding of the mechanisms and
cellular dynamics governing these populations after these two surgeries would allow us to
limit hypoglycemic episodes, the relapse of diabetes over time or even the development of
pharmacological alternatives to the use of bariatric/metabolic surgery.
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Abstract: Obese patients are at risk of dental erosion due to micronutrient deficiency, consumption
of soft drinks, gastric reflux disease and vomiting. The present study evaluates the presence of
dental erosion in obese patients before and after bariatric surgery using the BEWE (basic erosive
wear examination) scoring system. A total of 62 patients with severe obesity were included in
the analysis, 31 in the control group (without bariatric surgery) and 31 in the surgery group (after
bariatric surgery). BEWE scores did not vary between groups. Vitamin D deficiency was detected in
19 patients in the control group and three in the surgery group (p < 0.001). The serum calcium and
vitamin D values were significantly higher in the surgery group (p = 0.003, p < 0.001 consecutively).
All patients after bariatric surgery showed compliance with supplements, including vitamin D and
calcium daily. Patients after bariatric surgery were less likely to drink soft drinks regularly (p = 0.026).
Obese patients, before or after bariatric surgery, are at risk for erosive dental wear. However, with
sufficient education prior to surgery and consistent intake of vitamin and mineral supplements,
significant erosive dental wear after bariatric surgery could be avoided. Regular dental examination
should be included in the check-up and follow-up program.

Keywords: obesity; follow-up; substitution; micronutrient deficiency; dental health; RYGB; VSG;
sleeve gastrectomy

1. Introduction

Among patients with poorly managed obesity, metabolic/bariatric surgery has been
proven to be the most effective and durable therapy for obesity [1]. Obesity and bariatric
surgery have been shown to be associated with a higher risk for dental wear [2,3], which is
multifactorial: frequent consumption of soft drinks is associated with obesity and dental
problems [4–6]; unhealthy food choices might have led to micronutrient deficiency before
surgery, e.g., iron, vitamin D and calcium [7–10]; aversion to special foods and taste changes
were often reported after surgery [11–14]; and the reduced intestinal absorptive surface area
affected hormonal mediators, which can lead to micronutrient deficiency postoperatively,
including lower vitamin D and calcium in serum [15–17].

Erosive tooth wear is defined as a chemical–mechanical condition with an increasing
prevalence worldwide, which results in a loss of hard dental tissue [18,19]. The erosion
of enamel, the outer surface layer of the teeth, leads to an exposure of the dentin [20].
Unprotected dentin creates hypersensitivity to physical stimuli, such as heat and cold [21].
With progressive degradation processes, exposure of the pulp and thus avitalization of
the teeth can occur [20]. As an important biological factor, saliva buffers the pH in the
oral cavity and decelerates the process of dental erosion [22]. Low pH is a risk factor for
hypersensitivity and erosion: dietary acids (e.g., soft drinks) have been associated with
erosive tooth wear [23,24], and a clear impact on erosion prevalence was found in patients
with gastro-esophageal reflux (GERD) and eating disorders associated with vomiting [25].
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In contrast, normal calcium concentration is considered as a major protective factor in
determining the erosive potential [19].

GERD and vomiting are potential obesity-related problems and complications after
bariatric surgery [26]. Considering the fact that patients are at further risk for calcium
and vitamin D deficiency after bariatric surgery, it is suggested that the oral impactions of
bariatric surgery might have consequences such as dental erosion. A recent review based
on five Brazilian studies concluded that patients undergoing bariatric surgery had a higher
incidence of dental complications [27]. The changes of saliva after bariatric surgery are
also contradictory in the literature. Robust evidence, especially for dental erosion, is still
lacking.

This study aimed to compare the dental erosion in obese patients before and after
bariatric surgery. Potential dietary and health factors associating with erosive tooth wear
were also evaluated.

2. Materials and Methods

2.1. Study Design

The study was designed as a single-center, cross-sectional analysis observing the
effects of bariatric procedures on the severity of tooth erosion. The study was approved by
the university faculty ethics committee and institutional review board (#2020-598N) and
was conducted at a university hospital. The trial is registered in the German Clinical Trials
Register (DRKS00025580).

2.2. Sample Size Calculation and Inclusion

Based on the described changes of dental wear and salivary flow after bariatric surgery
in a previous study [28], we used G * Power sample size calculator [29] and set alpha to
0.05 and power to 0.9, resulting in a sample size of 30 participants per group.

The control group was composed of patients who possessed poorly managed obesity
(body mass index (BMI) ≥ 35 kg/m2 and one or more comorbidities (e.g., diabetes, arterial
hypertension, or sleep apnea), or BMI ≥ 40 kg/m2) who presented for bariatric surgery in
the outpatient clinic; the surgery group consisted of patients who had already underwent
bariatric surgery at least 3 months previously. Participation for all patients was predicated
on their written informed consent.

2.3. Dental Examination
2.3.1. BEWE Score

The BEWE (basic erosive wear examination) is a simple tool designed to assess the
level of dental erosion [30]. The teeth are divided into sextants. Only the value of the
tooth surface with the highest BEWE value per sextant is documented. A value from 0 to
3 is determined in each sextant. Table 1 shows the criteria for sextant scores from 0 to 3,
which are summed to obtain a cumulative score (0–18), which is the basis for determining
interventions. The BEWE categories define the severity of erosion in 4 groups: group 0:
0–2 points; group 1: 3–8 points; group 2: 9–13 points; and group 3: 14–18 points. The BEWE
categories can be further divided into the low-risk group (group 0 and 1) and the high-risk
group (group 2 and 3). Patients in the high-risk group require dental health interventions.

Table 1. BEWE (basic erosive wear examination) scores and criteria.

Score Criteria

0 No erosion
1 Initial loss of surface texture
2 Distinct defect; hard tissue loss involving <50% of the surface area
3 Hard tissue loss ≥50% of the surface area

2.3.2. Sialometry

To determine the saliva flow rate, a measurement of the unstimulated saliva pro-
duction within 5 min as the “spitting method” was used [31]. Using the unstimulated
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method, the naturally produced saliva is gathered in the floor of the mouth and spat into a
collecting tube at certain time intervals. A hyposalivation is defined as salivary flow below
0.25 mL/min.

Blood samples were collected on the same day of dental examination. Vitamins and
minerals, including vitamin D and calcium in serum, were measured in a routine diagnostic
setting.

2.4. Questionnaire

Using an investigative questionnaire, the following data were collected: sociode-
mographic data (age, gender, education level, income, and migrant status), preexisting
comorbidities (e.g., diabetes, arterial hypertension, and thyroid disease), dietary habits
(soft drinks, eating frequencies, smoking, alcohol consumption and eating disorders),
gastrointestinal discomforting (regurgitation, gastroesophageal reflux and vomiting) and
dental health (hypersensitivity, history of dental or periodontal disease) as well as dental
health awareness (dentist visit frequency and oral hygiene).

2.5. Statistical Analysis

All statistical calculations were performed with the RStudio Version 1.2.5042, “Double
Marigold” (Boston, MA, USA) and Python 3.9.5. (Wilmington, DE, USA) For quantitative
variables, the mean and standard deviations were assessed. For qualitative factors, absolute
and relative frequencies were given. For non-normally distributed data, the Wilcoxon
rank-sum test was used. Pearson correlation coefficient measured correlations between
two metric variables, Spearman correlation between an ordinal and a metric variable, and
Chi2-test between a nominal and an ordinal variable. In general, the result of a statistical
test was considered statistically significant for a p-value < 0.05.

3. Results

The study was conducted at our university hospital between January and March 2021.
All operations were performed laparoscopically by two of the co-authors (M.O. and G.V.)
and the dental examinations were carried out by a dentist (co-author F.J.H.).

3.1. Demographics

Obese patients who presented for bariatric surgery or a follow-up after bariatric
surgery were included. Sixty-two patients were enrolled (thirty-one in each group), with
an average age of 40 years old. The majority of the participants are females. Participants in
the control group are younger and more obese. Other sociodemographic characteristics
did not differ between groups (Table 2).

Table 2. Sociodemographic characteristics of 62 patients.

Variables Control Surgery p-Value

Number of patients 31 31 n.s.
Female (%) 22 (71) 28 (90) n.s.

Age (years), Mean ± SD 37.5 ± 9.6 42.7 ± 10.1 p = 0.038
BMI (kg/m2), Mean ± SD 46.1 ± 7.5 32.5 ± 5.9 p < 0.0001

Education classification (%) n.s.
low 11 (35.5) 7 (22.4)

middle 16 (51.6) 16 (51.6)
high 4 (12.9) 8 (25.8)

Income (%) n.s.
low 6 (19.4) 3(9.7)

middle 22(71.0) 20 (64.5)
high 3(9.6) 8 (25.8)

Migration (%) 8 (25.8) 3 (9.7) n.s.
BMI, body mass index; n.a., not available; n.s., not significant; SD, Standard Deviation. Significant p-values are
highlighted in bold (Wilcoxon, Chi2 and Fisher’s exact tests, p < 0.05). The education was classified based on
ISCED 2011 (International Standard Classification of Education [32]). The income was classified by statistic data
in Germany [33,34].
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3.2. Oral Health Related Parameters

Patients after bariatric surgery were less likely to drink soft drinks regularly (p = 0.026)
and reported less GERD (p = 0.012). Other parameters, including hypersensitivity of the
teeth, eating disorders and vomiting, were similar among the groups (Table 3).

Table 3. Oral health related parameters.

Variables Control Surgery p-Value

Smoking (%) 10 (32.2) 8 (25.8) n.s.
Alcohol consumption (%) 2 (6.4) 1 (3.2) n.s.

Soft drinks (%) 14 (45.2) 5 (16.1) p = 0.026

Eating frequency n.s.
1–3 meals/d (%) 22 (71.0) 15 (48.4)
≥4 meals/d (%) 9 (29.0) 16 (51.6)

Eating disorder (%) 6 (19.4) 4 (12.9) n.s.

GERD (%) p = 0.012
never 15 (48.4) 26 (83.9)

maximal once/week 11 (35.5) 3 (9.7)
>once/week 5 (16.1) 2 (6.4)

Vomiting (%) n.s.
never 28 (90.3) 27 (87.1)

maximal once/week 3 (9.7) 3 (9.7)
>once/week 0 (0) 1 (3.2)

Hypersensitivity of teeth (%) 12 (38.7) 11 (35.5) n.s.

GERD, gastroesophageal reflux disease; n.s., not significant. Significant p-values are highlighted in bold (Chi2 and
Fisher’s exact tests).

3.3. Dental Examination and Level of Serum Vitamin D/Calcium

All patients after bariatric surgery have taken the recommended supplements, in-
cluding vitamin D and calcium citrate, daily. Among all patients, three patients had a
hypocalcaemia (<2.18 mmol/L), who were all in the control group. No hypocalcaemia
was found in the surgery group. Vitamin D deficiency (<20 μg/L) was detected in 19 pa-
tients in the control group and three in the surgery group (p < 0.001). The serum calcium
and vitamin D values were significantly higher in the surgery group (p = 0.003, p < 0.001
consecutively).

BEWE scores, BEWE category and BEWE risk groups did not vary between groups. Of
the preoperative obese patients, 22.6% were classified in BEWE category 2 and 3, therefore
they had a high risk for further exposure of the pulp and consequential avitalization of
the teeth (Figure 1). In the surgery group, the percentage was even higher (32.2%), but the
difference was not significant. Neither was there a significant difference in the salivary
flow (Table 4).

3.4. Correlation

Sociodemographic parameters, such as age, education level, migration status and
comorbidities, did not show significant correlations with BEWE scores, risk and salivary
flow.

3.5. VSG versus RYGB

In the surgery group, seven patients underwent a vertical sleeve gastrectomy (VSG),
21 underwent a Roux-en-Y gastric bypass (RYGB) and three others underwent a single-
anastomosis duodeno-ileal bypass (S.A.D.I-S) or bilio-pancreatic diversion with duodenal
switch (BPD-DS). The frequency of GERD, vomiting, BEWE scores, BEWE categories, risk,
salivary flow, salivary flow categories, calcium and vitamin D did not differ between
patients who underwent VSG and RYGB.
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Figure 1. Portion of BEWE categories in control and surgery group.

Table 4. Results of dental examinations.

Variables Control Surgery p-Value

Calcium, mmol/L 2.34 ± 0.11 2.42 ± 0.10 p = 0.003
Vitamin D, μg/L 18.0 ± 9.2 31.0 ± 12.1 p < 0.001

BEWE score 7.0 ± 2.2 7.4 ± 2.8 n.s.

BEWE category (%) n.s.
0 1 (3.2) 1 (3.2)
1 23 (74.2) 20 (64.5)
2 7 (22.6) 9 (29.0)
3 0 (0) 1 (3.2)

BEWE risk categories (%) n.s.
low risk 24 (77.4) 21 (67.7)
high risk 7 (22.6) 10 (32.2)

Salivary flow, mL/min 0.32 ± 0.1 0.32 ± 0.1 n.s.

Classification of salivary flow n.s.
hyposalivation (%) 10 (32.2) 10 (32.2)

normal salivary flow (%) 21 (67.8) 21 (67.8)
BEWE (basic erosive wear examination); n.s., not significant. All values are shown as means and standard
deviation or frequency and percentage. Significant p-values (p < 0.05) are highlighted in bold.

3.6. Short-Term Follow-Up versus Long-Term Follow-Up

In the surgery group, the period between bariatric surgery and dental examination
was 11 (3–142) months. Patients with a shorter follow-up (<11 months) had significantly
higher calcium levels in the serum (p = 0.014). Vitamin D, BEWE scores and salivary flow
did not differ between patients with a short-term (<11 months) and long-term (>11 months)
follow-up.

4. Discussion

The prevalence of obesity is increasing, along with the number of bariatric surg-
eries. Accordingly, the side effects of obesity and bariatric surgery are gaining growing
attention. Several factors associated with bariatric surgery might lead to dental health
problems: micronutrient deficiency, as vitamin D and calcium deficiency accompanies the
great severity of oral disease [35,36]; increased prevalence of gastroesophageal reflux and
vomiting, which lowers the pH in oral cavity, and is consequently a major risk factor for
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erosive dental wear [23,24]; and the postoperative, recommended, small yet frequent meals
(4–6 meals/day), which shorten the regeneration period for the saliva [28,37], which is of
great importance for the hard tissue protection.

The current study confirmed that a significant number of obese patients are at a
high risk for erosive dental wear and can experience further exposure of the pulp and
thus avitalization of the teeth. However, the condition of dental wear did not worsen
significantly after bariatric surgery. This is not in line with the limited data in the liter-
ature which have evaluated the effect of bariatric surgery on dental erosion. Quintella
et al. reviewed five Brazilian studies and concluded that patients undergoing bariatric
surgery had a higher incidence of dental wear [27]. Of these studies, one focused on erosive
damage, and showed more severe dental erosion in patients after bariatric surgery [38].
The divergence of conclusions might be multifactorial. Firstly, the entire population in
our surgery group have taken recommended supplements, including calcium citrate and
vitamin D3, which was confirmed by the significantly higher serum levels of calcium and
vitamin D after surgery. Calcium and vitamin D are known to have a protective effect on
hard tooth tissues [39]. The recommended supplement of vitamins and minerals was not
mentioned in the Brazilian studies. Secondly, GERD and vomiting were not increased after
bariatric surgery in our observation. On the contrary, GERD was significantly less reported
in the surgery group, which can be explained by two facts: postoperative patients were less
obese (significant lower BMI) and therefore possessed a decreased risk for GERD [40], and,
in the majority of the postoperative patients, RYGB was performed. After RYGB, gastric
reflux remission is more frequently observed than after VSG [41]. Thus, RGYB could be a
protective factor for dental health. Thirdly, the daily consumption of soft drinks, another
potential factor to lower pH in oral cavity, was significantly reduced in our surgery group.
Previous investigations showed that soft drink consumption can contribute to detrimental
oral health, especially due to the erosive potential [6]. Postoperative taste changes might
explain the altered dietary habits [11,13]. Moreover, patients were required to take part in
a minimally 6-month long, multimodal concept, including intensive consultation by nutri-
tional therapist before the surgery. Nutritional therapists assess and correct their nutritional
status and, more importantly, educate the patients on how to establish healthy dietary
habits (fewer soft drinks, less carbohydrates, and more proteins, etc.). The presurgical
education seemed to have a lasting effect in the patients, which was not mentioned in the
Brazilian studies. Fourthly, the spans between the bariatric surgery and the survey differ.
Interestingly, studies confirming a worsening of dental wear in patients after bariatric
surgery were performed with a relatively short flow-up (3–6 months) [28,42]. Even with a
longer follow-up span (with a median of 11 months), no significant difference was detected
in our study population. Moreover, patients with a longer follow-up did not present with a
higher risk for erosive dental wear than patients with a short-term follow-up in our study.
It can be assumed that the risk of erosive dental wear would not increase if patients were
compliant with supplements and follow-up.

Saliva is an important biological factor, which buffers the pH in the oral cavity and
decelerates the process of dental erosion [22]. The impact of bariatric surgery on saliva
production remains unclear. Some studies showed an improvement in the salivary flow
rate, while others found no change or even a worsening in saliva production after the
surgery [43]. In our study, the salivary rate did not differ between the groups. The
inconsistency might be partially due to different measuring methods. We preferred the
unstimulated spitting method to the stimulated measurement, since the unstimulated saliva
flow, which occurs around 14 to 16 h per day, is primarily responsible for the maintenance
of oral health and the protection of our teeth. The stimulated saliva flow rate, on the
other hand, embodies the functional capacity of the salivary glands and is only present
for around two hours a day [31]. Furthermore, our measurement was performed in two
different groups, and interindividual differences might preexist for salivary production.

To the best of our knowledge, this is the first study evaluating erosive dental ware
in obese patients before and after bariatric surgery in Europe. Bariatric surgery might
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be associated with risks of erosive dental wear due to multiple factors. However, with
sufficient education prior to surgery, consistent intake of vitamin and mineral supplements,
and regular follow-ups, significant erosive dental wear after bariatric surgery could be
avoided. Regular dental examination should be included in the follow-up program after
bariatric surgery. A remineralization solution might help to prevent dental erosions from
occurring [44].

5. Limitations

The majority of patients in the surgery group received a Roux-en-Y gastric bypass.
The results might be different in patients after sleeve gastrectomy. Overall, there are more
female than male participants in our study. Patients were not perfectly paired in both
groups due to different BMIs and ages. To minimize the bias, dental examination should
be performed in patients indicated for bariatric surgery before and after surgery in further
trials.

6. Conclusions

Obesity and bariatric surgery might be associated with risks for erosive dental wear
due to multiple factors. However, with sufficient education prior to surgery and consistent
intake of vitamin and mineral supplements, significant erosive dental wear after bariatric
surgery could be avoided. Regular dental examination should be included in the check-up
and follow-up program in obese patients before and after bariatric surgery.
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Abstract: Background: Obesity is considered a global chronic disease requiring weight management
through lifestyle modification, pharmacotherapy, or weight loss surgery. The dramatic increase in
patients with severe obesity in Saudi Arabia is paralleled with those undergoing bariatric surgery.
Although known to be beneficial in the short term, the long-term impacts of surgery within this
group and the sustainability of weight loss after surgery remains unclear. Objectives: We aimed to
assess the long-term weight outcomes after bariatric surgery. Setting: The study was conducted at
King Khalid University Hospital (KKUH), King Saud University Medical City (KSUMC) in Riyadh,
Saudi Arabia. Methods: An observational prospective cohort study on adult patients with severe
obesity undergoing bariatric surgery (sleeve gastrectomy (SG) or Roux-en Y gastric bypass (RYGB))
during the period between 2009 and 2015 was conducted. Weight loss patterns were evaluated
pre- and post-surgery through clinical and anthropometric assessments. Absolute weight loss was
determined, and outcome variables: percent excess weight loss (%EWL), percent total weight loss
(%TWL), and percent weight regain (%WR), were calculated. Statistical analysis using univariate and
multivariate general linear modelling was carried out. Results: A total of 91 (46 males and 45 females)
patients were included in the study, with the majority belonging to the SG group. Significant weight
reductions were observed at 1 and 3 years of follow-up (p < 0.001) from baseline. The %EWL and
%TWL were at their maximum at 3 years (72.4% and 75.8%) and were comparable between the SG
and RYGB. Decrements in %EWL and %TWL and increases in %WR were seen from 3 years onwards
from bariatric surgery until the study period ended. The yearly follow-up attrition rate was 20.8% at
1 year post-surgery, 26.4% at year 2, 31.8% at year 3, 47.3% at year 4, 62.6% at year 5, and 79.1% at end
of study period (at year 6). Conclusion: The major challenge to the successful outcome of bariatric
surgery is in maintaining weight loss in the long-term and minimizing weight regain. Factors such
as the type of surgery and gender need to be considered before and after surgery, with an emphasis
on the need for long-term follow-up to enssure the optimal benefits from this intervention.

Keywords: weight regain; bariatric surgery; obesity; long-term follow-up; weight loss

1. Introduction

Obesity has become a worldwide epidemic: according to the 2016 World Health
Organization statistics, 1.9 billion adults were overweight, and more than 650 million were
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obese [1]. This increase in the number of individuals with overweight and obesity is also
reflected in the Saudi population [2,3], where the estimated rate of overweight and obesity
is 24.1% in men and 33.5% in women [3]. Obesity management aims at achieving weight
loss, utilizing a multifactorial stepwise approach consisting of behavioral therapy, lifestyle
and dietary interventions, and medical pharmacotherapy. Weight loss through bariatric
surgery is an adjunct to the former strategies in patients who did not benefit from them or
who have additional comorbidities associated with obesity.

Presently, bariatric surgery is globally considered among the most effective manage-
ment modalities for patients with obesity. The Saudi clinical practice guidelines, similar
to the American Society for Metabolic and Bariatric Surgery, recommends that bariatric
surgery should be conducted for patients with obesity who have a body mass index
(BMI) ≥40 or ≥35 kg/m2 and the presence of comorbidities [4] to diminish the risk of
the associated comorbidities and to improve quality of life [5,6]. In Saudi Arabia, the
number of patients with obesity who undergo bariatric surgery has noticeably grown [7],
and ≥15,000 procedures are estimated to be performed annually [8]. These procedures
are known to be effective and lead to major weight loss, with the maximum weight loss
occurring at 12–18 months post-surgery [9]. The Swedish Obese Subjects (SOS) study, the
largest non-randomized intervention trial that compared weight loss outcome over 10 years,
reported a maximal total body weight change in patients after 1 year after receiving Roux-
en-Y gastric bypass (RYGB) and vertical banded gastroplasty surgeries, with reductions of
38 ± 7% and 26 ± 10%, respectively [5]. A successful outcome of bariatric surgery is one
that achieves a loss of 50–70% of excess weight (EWL) or the 20–30% loss of the patient’s
initial weight, or a BMI < 35 kg/m2 [9,10]. Although many studies have documented the
competence and effectiveness of bariatric surgery in reducing excess weight in the short
term, mid- and long-term studies have reported weight regain as an index for failure of the
surgery, regardless of the surgical procedure [5,11]. According to the SOS study, patients
were noted to have regained around 20–25% of their lost weight at 10 years post-surgery.
A weight regain of 12% total body weight was observed in patients who underwent RYGB,
while those reported for sleeve gastrectomy (SG) were variable, ranging from 6% at as
early as two years post-surgery to 76% at six years post-surgery [12]. Previous studies
have addressed different factors that contribute to weight regain and the failure of bariatric
surgery, including dilation of the gastric pouch or gastro-jejunal anastomosis, pre-surgery
BMI, eating behaviors, increases in energy intake, level of physical activity, the patient’s
lack of commitment to follow-up visits, and psychological factors [13–18].

Obesity, similar to other chronic diseases, persists for prolonged durations and requires
a continuous close follow-up to re-assess the efficacy of treatments, including bariatric
surgeries. Compared to the number of surgeries being performed, there are few mid-long-
term studies assessing the effectiveness and changes in weight loss. This is even more true
in case of the Saudi population, where only a few studies have addressed bariatric surgery
outcomes [4,7,8,19,20] and fewer have evaluated the long-term weight loss outcomes.
In this study, we aim to observe and evaluate the weight evolution pattern in Saudi patients
during a six-year follow-up period following bariatric surgery.

2. Materials and Methods

2.1. Study Design, Setting and Subjects

An observational prospective cohort study of adult patients with obesity (age ≥ 18 years)
who underwent SG and RYGB was conducted at King Khalid University Hospital (KKUH),
King Saud University Medical City (KSUMC) in Riyadh, Saudi Arabia, between 2009 and
2015. All procedures and protocols were reviewed and approved by the Research Ethics
Committee of the College of Medicine, King Saud University. Written informed consent
was obtained from all participants. The bariatric procedures were conducted under the
supervision of a single bariatric surgeon. Patients who underwent bariatric surgery and
who had follow-up visits at the Obesity Clinic at KKUH and the Obesity Research Center
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for a period of 6 years were included in the study. Their pre and postoperative clinical data
and anthropometric measurements were collected and recorded during follow-up.

Weight (in kilograms) was measured in light clothing and without shoes to the nearest
0.1 kg. Height was measured using a stadiometer, and BMI was calculated. The variables
analyzed were age, sex, BMI, absolute weight loss, %EWL, percent total weight loss
(%TWL), and percent weight regain (%WR).

2.2. Calculated Variables

We calculated the absolute weight loss as ((follow-up weight − pre-surgery weight/pre-
surgery weight) × 100) for all of the different time points. The outcome variables in the
study included %EWL, %TWL, and %WR. The %EWL was calculated as ((pre-surgery weight
− follow-up weight)/(operative excess weight)) × 100, where the operative excess weight
equaled (pre-surgery weight − ideal weight) and where the ideal weight was based on the
metropolitan tables [21]. A %EWL of ≥50% represented successful weight loss; a %EWL
of ≤50% was considered as a failure [22]. In other studies, the rates indicating failure
were reported to be ≤25% at ≥5 years [23,24]. Given the variability of %EWL depending
on the definition of the ideal body weight, we used %TWL, as it is reported to be less
influenced by BMI and other anthropometric measures. The %TWL was calculated as
follows: ((preceding year weight − current weight)/preceding year weight) × 100 [25]. The
%WR, which is the percentage of weight regained from the nadir weight (lowest measured
post-surgery weight), was calculated using the following formula: ((current weight −
nadir weight))/(pre-surgery weight − nadir weight) × 100), where ≥25% weight gain from
nadir was considered to be excessive weight regain [22]. After surgery, the patients were
prospectively followed up with in the clinic for 6 years. A comprehensive anthropometric
measurement (weight, height, and BMI) was performed before surgery and post-surgery at
each time point annually until the end of the study period. The yearly attrition rate (in %)
was derived by dividing the number of withdrawn participants (calculated as the number
of participants retained in the study subtracted from the total number of participants
originally included in the study at pre-surgery) by the number of participants originally
included in the study × 100 [26].

2.3. Statistical Analysis

Data were analyzed using the SPSS 24.0 Advanced statistics module (IBM Inc.,
Chicago, IL, USA). Categorical variables (gender and type of surgery) were reported
as numbers and percentages, whereas continuous variables (age, anthropometric measure-
ments, %EWL, %TWL and %WR) were reported as mean, standard deviation, and range.
The mean weights for all patients from pre-surgery and across the six follow-up time points
were graphically presented according to gender and type of surgery.

Changes in the mean values of three outcome variables: %EWL, %TWL, and %WR,
over the six time points were compared using the repeated measures analysis of variance
(ANOVA), and F values were reported to represent the systematic variance of %EWL,
%TWL, and %WR across the six time points. Repeated measures of analysis for the
outcome variables (%EWL, %TWL, and %WR) with each of the independent variables
(gender and type of surgery) were also conducted.

A generalized linear mixed model for repeated measures for univariate and multivari-
ate analysis were used to evaluate the changes in the quantitative outcome variables, which
were observed at the six observation time points (1 to 6 years post-surgery). The fixed
effects used in the model were time points, gender, and type of surgery. Akaike-corrected
information criteria were used to identify the model of best fit. The least significant differ-
ence criterion was used to calculate the adjusted p-values in a pairwise comparison of the
mean values. A p-value of <0.05 was used to report the statistically significant results.
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3. Results

A total of 91 (50.5% male) patients with the mean age of 33.3 ± 9.7 years who un-
derwent bariatric surgery were included in the study at baseline. The mean pre-surgery
weight and BMI were 134.4 ± 33.8 kg and 49.7 ± 9.9 kg/m2, respectively. Table 1 shows a
detailed demographic profile of the total study population.

Table 1. Overall demographic data and baseline characteristics of patients with obesity who under-
went bariatric surgery. The values are represented as mean ± SD (standard deviation).

Demographic Variables

Gender
Male
Female

46 (50.5%)
45 (49.5%)

Type of Surgery
Sleeve Gastrectomy
Roux-en-Y Gastric Bypass

62 (68.1%)
29 (31.9%)

Age at baseline, in years
Mean ± SD
Range

33.3 ± 9.7
17–60

Height, in meters
Mean ± SD
Range

1.64 ± 0.1
1.45–1.90

Pre-surgery weight, in kilograms
Mean ± SD
Range

134.4 ± 33.8
78.1–300.7

Pre-surgery BMI, in kg/m2

Mean ± SD
Range

49.7 ± 9.9
29.4–83.3

The overall annual follow-up rate of the patients was 79.1% (33 males/39 females)
at 1 year, 81.3% (35 males/39 females) at 2 years, 68.1% (30 males/33 females) at 3 years,
54.9% (27 males and 23 females), 42.9% (17 males and 17 females), and 20.9% (7 males,
12 females) at 6 years. The yearly follow-up attrition rate was 20.8% at year 1 post-surgery,
26.4% at year 2, 31.8% at year 3, 47.3% at year 4, 62.6% at year 5, and 79.1% at end of the
study period, i.e., year 6 post-surgery.

To characterize the weight change patterns in our cohort, a subgrouping of the patients
according to the type of surgery and gender was conducted. Based on the type of surgery,
the patients in the RYGB group accounted for 31.9% of patients (n = 29, 11 males and 18 fe-
males) while the SG group comprised 68.1% of patients (n = 62, 35 males and 27 females).
The maximum mean weight-loss percentage in the RYGB and SG groups was seen at
3 years post-surgery and was similar (54.3% and 54.4%, respectively). Increments in weight
were observed in both the bariatric surgery groups beyond the 3-year follow-up period.
Both the groups also showed an increasing weight gain trend from year 4 post-surgery and
onwards (Figure 1).

Based on gender, we noticed that the maximum mean percentage weight loss occurred
at 3 years post-surgery by as much as −65.07% in males, while it was −43.48% at 4 years
post-surgery for females (Figure 2). The rate of weight regain was seen to increase gradually
from 3 years post-surgery onwards until the end of the study period. Significant weight
regain (defined as ≥25% weight gain from nadir weight) was seen in 53.3% of the patients
after 6 years.
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Figure 1. Graphical representations of changes in weight (%), with the error bars representing the
±2 SD during the 6-year follow-up period for all patients who underwent bariatric surgery (blue
line), for those who underwent SG (red line), and those who underwent RYGB (green line).

Figure 2. Graphical representation of weight change (%), with the error bars representing the ±2 SD,
according to gender of the patients post bariatric surgery during the 6-year follow-up period. The
number of patients at each time point and the mean percentage weight loss in male and female
participants is shown. SD-standard deviation.

Three outcome variables (%EWL, %TWL, and %WR) were considered for the analysis.
A total of 314, 308, and 98 repeated measures were used in the analysis for these outcome
variables. Table 2 shows the comparison of the mean values of %EWL, %TWL, and %WR
across the six observation time points, and Table 3 shows the comparison of mean values of
%EWL, %TWL, and % WR across the observation time points in male and female patients
and in those who had undergone RYGB and SG surgeries. A similar comparison is shown
for %EWL (Figure 3A–C), %TWL (Figure 3D–F), and %WR (Figure 3G–I).
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Table 2. Comparison of repeated measure (%EWL, %TWL, and %WR) mean (SD) values of study subjects across the six
time points and the difference between each time point and at the end observation time point.

Time Points (in Years)

F-Value p-ValueOutcome
Variables

1st 2nd 3rd 4th 5th 6th

%EWL 45.46 (21.9) 65.71 (32.0) 73.14 (28.8) 75.12 (43.4) 58.04 (22.5) 54.11 (20.3) 10.82 <0.0001
%TWL 22.87 (10.0) 16.07 (15.6) 3.47 (13.2) −0.73 (14.1) −7.08 (16.4) −0.49 (12.1) 43.99 <0.0001
%WR – 10.20 (12.9) 13.32 (12.1) 17.58 (29.1) 20.81 (18.7) 30.38 (20.9) 2.72 0.034

%EWL—percentage excess weight loss, %TWL—percentage total weight loss, %WR—percentage weight regain.

Table 3. Comparison of repeated measure (%EWL, %TWL, and %WR) mean values across the six time points in male and
female subjects and in relation to type of surgery.

Outcome Variables,
Type of Surgery and

Gender

Time Points (in Years)
F-Value p-Value

1st 2nd 3rd 4th 5th 6th

%EWL RYGB 51.21
(21.0)

71.18
(40.2) 79.0 (41.1) 80.04

(52.8) 60.7 (23.1) 54.20
(20.3) 2.89 0.018

SG 42.64
(21.9)

62.80
(26.7)

69.91
(18.8)

72.20
(37.3)

56.78
(22.6)

54.02
(21.5) 9.27 <0.0001

%TWL RYGB 24.41 (9.1) 17.23
(14.4) 8.04 (14.1) −1.43

(15.6)
−9.96
(13.1)

−0.23
(14.9) 20.53 <0.0001

SG 22.12
(10.5) 15.4 (16.4) 1.01 (12.1) −0.24

(13.2)
−5.58
(18.0)

−0.755
(9.3) 27.63 <0.0001

WR RYGB – 5.42 (6.1) 9.41 (7.5) 11.31
(12.5)

17.91
(16.2)

26.25
(19.9) 2.28 0.080

SG – 14.97
(17.6)

15.55
(13.8) 21.76 (36) 22.44

(20.2) 35.1 (22.9) 1.27 0.294

%EWL Male 42.96
(24.1)

74.34
(38.2)

80.54
(36.1)

76.26
(48.1)

63.15
(26.3)

49.64
(20.5) 7.22 <0.0001

Female 47.52
(19.9)

58.15
(23.3)

66.21
(17.3)

73.84
(38.4)

52.93
(17.1)

56.71
(20.7) 4.74 <0.0001

%TWL Male 21.32
(10.8)

22.72
(17.0) 4.20 (15.5) −0.23

(17.9)
−0.51
(14.2) 0.62 (8.6) 16.67 <0.0001

Female 24.13 (9.2) 10.29
(11.7) 2.84 (10.9) −1.34

(7.5)
−13.3
(16.3)

−1.24
(14.3) 39.15 <0.0001

%WR Male – 7.42 (7.1) 13.28
(13.4) 20.0 (37.4) 16.61

(13.4)
28.33
(18.0) 1.54 0.209

Female – 11.59
(15.9)

13.36
(11.3)

14.42
(12.8)

23.62
(21.4)

31.75
(23.6) 1.74 0.156

3.1. Univariate Analysis: Generalized Linear Mixed Effects Model Analysis for the Outcome
Variables %EWL, %TWL and %WR for Each of the Independent Variables (Time Points, Type of
Surgery and Gender)

The univariate repeated measures and generalized linear mixed effects model for
the outcome variables %EWL, %TWL, and % WR across the six time points showed
statistically significant differences (F = 10.82, p < 0.0001; F = 43.99, p < 0.0001; F = 2.72;
p = 0.034) (Table 2).

The mean %EWL values were significantly increased at 3 and 4 years post-surgery
when compared to the mean values at 6 years post-surgery (p < 0.0001), where the coef-
ficients at 3 (19.04, t = 3.21, p = 0.001) and 4 (21.02, t = 2.74, p = 0.006) years indicate that
%EWL increased by 19.04 and 21.02 units when compared to the mean value of %EWL at
6 years post-surgery.
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Figure 3. The figure shows a line graph with 95% confidence intervals and depicts the changes in the estimated mean of
outcome variables with the predictors over the study duration at the different time points. The changes in %EWL with
(A) different time points, (B) time points and type of surgery, and (C) time points and gender; the changes in %TWL with
(D) different time points, (E) time points and type of surgery, and (F) time points and gender; and the changes in %WR with
(G) different time points, (H) time points and type of surgery, and (I) time points and gender are shown.

The mean %TWL values were significantly higher at 1 and 2 years post-surgery when
compared to the mean values at 6 years post-surgery (p < 0.0001), where the coefficients
at 1 (23.35, t = 7.90, p < 0.0001) and 2 years (16.57, t = 5.08, p < 0.001) showed that the
%TWL mean values increased by 23.35 and 16.57 units when compared to the mean value
of %TWL at 6 years post-surgery.

The mean %WR values were significantly decreased at 2 (−20.18, t = −2.67, p = 0.009)
and 3 (−17.06, t = −2.85, p = 0.005) years post-surgery when compared to the mean values
at 6 years post-surgery, indicating that the %WR mean values decreased by 20.18 and
17.06 units when compared to the mean value of %WR at 6 years post-surgery.

The comparison of the mean values of %EWL in each of the surgery groups (RYGB and
SG) across the six time points showed highly statistically significant differences (F = 2.89,
p = 0.018 and F = 9.27, p < 0.0001), respectively (Table 3). The mean values of %EWL in
patients who underwent RYGB surgery at 3 years was increased by 24.82 units (t = 2.24,
p = 0.027), while it increased by 15.89 units (t = 2.14, p = 0.033) in those who underwent SG
when compared to the mean value of %EWL at 6 years post-surgery.

Similarly, high statistically significant difference was observed for the mean values of
% TWL in each of the surgery groups (RYGB and SG) across the six time points (F = 20.53;
p < 0.0001 and F = 27.63; p < 0.0001) (Table 3). The mean values of %TWL in patients who
underwent RYGB surgery was higher at 1 and 2 years by 24.64 units (t = 4.85, p < 0.001) and
17.47 units (t = 3.19, p = 0.002), while it was higher by 22.87 units (t = 6.90, p < 0.001) and by
16.15 units (t = 4.24, p < 0.001) in those who underwent SG when compared to the mean
value of %TWL at 6 years post-surgery. Hence, it can be inferred that the mean %TWL
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values were significantly lower after 6 years in patients who had undergone either surgery
when compared to the mean values at 1 and 2 years post-surgery.

However, for the mean values of % WR, a non-significance was observed in each of the
surgery groups (RYGB and SG) across the six time points (F = 2.28; p = 0.080 and F = 1.27,
p = 0.294) (Table 3). However, the pairwise compassion of the time points shows that
patients who underwent RYGB surgery had significantly decreased mean values of %WR
at 2 and 3 years by −20.82 units (t = −2.64, p = 0.012) and 16.83 units (t = −2.24, p = 0.031),
while those who underwent SG showed a significant decrease in the mean value of %WR
at 3 years by 19.55 units (t = −2.10, p = 0.041) when compared to the mean value of %WR
at 6 years post-surgery.

The comparison of the mean values of %EWL in each of the gender groups (male
and female) across the six time points showed highly statistically significant differences
(F = 7.22; p < 0.0001 and F = 4.74; p < 0.0001) (Table 3). The mean %EWL values in males
were significantly increased at 2 (24.70, t = 2.45, p = 0.015), 3 (38.90, t = 10.18, p = 0.003), and
4 (26.61, t = 2.21, p = 0.029) years when compared to the mean value at 6 years post-surgery.
In female subjects, the mean values of %EWL across the six time points were statistically
significantly different, whereas the comparison of each time point with the mean values at
6 years post-surgery did not show any statistically significant differences.

Additionally, highly statistically significant differences were observed for the mean
values of % TWL in both male and female subjects across the six time points (F = 16.67;
p < 0.0001 and F = 39.15; p < 0.0001) (Table 3). The pairwise comparison showed that the
mean %TWL values in males was significantly higher at 1 (20.69, t = 5.75, p < 0.001) and at
2 (22.10, t = 5.23, p < 0.001) years when compared to the mean value at 6 years post-surgery.
This was also noted in the female subjects, and the mean values of %TWL were found to
be significantly higher at 1 (25.37, t = 4.38, p < 0.001) and 2 (11.53, t = 4.53, p = 0.012) years
when compared to the mean values of %TWL at 6 years post-surgery.

In each of the gender groups (male and female) the comparison of the mean values
of %WR across the five time points of observations showed no statistically significant
differences (F = 1.54, p = 0.209 and F = 1.74, p = 0.156) (Table 3). However, the pairwise com-
parison of the time points indicated that the mean %WR values in males were significantly
decreased at 2 years (−20.91, t = −2.34, p = 0.024) while in females, they were significantly
decreased at 3 years (−18.39, t = 4–2.14, p = 0.037) when compared to the mean values of
%WR at 6 years post-surgery (Figure S1I).

3.2. Multivariate Analysis: General Linear Mixed Effects Modelling for Each of the Outcome
Variables, %EWL, %TWL and %WR with Independent Variables (Time Points, Type of Surgery
and Gender)

The multivariate repeated-measures generalized linear mixed effects model for the
outcome variables %EWL and %TWL was significant for the overall model (F = 4.49,
dff = 17, p < 0.0001 and F = 14.78, dff = 17, p < 0.0001). Significance was also noted with
time points (F = 10.70, p < 0.001 and F = 40.05, p < 0.0001), gender (F = 3.53, p = 0.068 and
F = 7.35, p = 0.007) and type of surgery (F = 4.14, p = 0.043 and F = 1.160, p = 0.282), time
points × gender (F = 2.05, p = 0.071 and F = 3.36, p = 0.006), and time points × type of
surgery (F = 0.310, p = 0.91 and F = 0.695, p = 0.628) were used as predictors of the model.

Taking the time point predictors into consideration, significant differences (p < 0.001)
in %EWL were observed at 2 (15.06), 3 (22.12), and 4 (23.09) years and for %TWL at 1 (23.34)
and 2 (17.30) years in comparison to the mean value at 6 years post-surgery. The %EWL
mean values in males were observed to be statistically significant at 2 (27.97), 3 (34.15), and
4 years (29.20) when compared to the mean value at 6 years post-surgery. Males showed
significantly higher %EWL at 2 years post-surgery by 25.81 units (p = 0.045) compared to the
females, while no significant differences were noted for the coefficients for the other terms
in the model. The %TWL mean values in males were observed to be significant at 1 (21.07)
and 2 years (22.70) and for females at 1 (25.60) and 2 (11.85) years when compared to the
mean value at 6 years post-surgery. Similar to %EWL, %TWL in males was significantly
higher at 2 years post-surgery compared to females.
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Considering surgery as a predictor, %EWL was significantly higher in male subjects
who had undergone RYGB at 2 (21.91), 3 (29.18) and 4 (28.59) years post-surgery, while
no statistically significant differences were observed in female subjects and in subjects
who had undergone SG. Mean values of %TWL were statistically significant at 1 and
2 years post-surgery in patients who had undergone RYGB (23.75 and 18.73 units) and in
SG the group (22.93 and 15.87) when compared to the mean values of %TWL at 6 years
post-surgery.

The multivariate analysis for the outcome variable %WR with time points, gender,
and type of surgery as predictors showed no statistical significance for the overall model
(F = 1.10, dff = 14, p = 0.370). Among all of the coefficients, at 3 years post-surgery, the
%WR mean value decreased by 23.59 units (p = 0.044) when compared to the mean value
of %WR at 6 years post-surgery, whereas the coefficients for other terms in the model
were not statistically significant. For the time points predictor, significant differences were
observed at 2 (−20.53) and 3 years (−17.56) post-surgery when compared to the mean
value at 6 years post-surgery.

No statistically significant differences in the %WR pattern were observed in male sub-
jects in the comparison of the mean values of %WR between the pair of time points
(2 to 6 years post-surgery), whereas in female subjects, the mean values of %WR at
2 (−22.02) and at 3 years (−21.08) were significantly decreased when compared to the mean
value at 6 years. Statistically significant differences were observed at 3 years in patients
who had undergone SG surgery, where the mean values of %WR decreased by −20.06 units
when compared to the mean values at 6 years post-surgery, while no significant differences
were observed in patients who had undergone RYGB surgery (Figure S1).

4. Discussion

Being a chronic disease, managing or treating severe obesity is challenging and re-
quires constant close clinical and nutritional monitoring to reduce the recurrence of weight
gain after weight loss. A large body of literature has shown that weight loss, even at
a modest level of 5–10%, is beneficial and helps in the resolution of obesity associated
comorbidities including, T2DM, hypertension, and fatty liver disease, among others, and in
improving the overall quality of life [27–29]. Attaining a weight loss change of ≥5 and/or
≥10% of initial body weight has also been shown to be strongly correlated with a reduction
in the risk of cardiovascular disease [30]. Surgical intervention techniques such as bariatric
surgery were instated to provide a more permanent weight loss solution. Regardless of the
type of surgery or the mechanisms by which weight loss is achieved, bariatric surgery has
proven to lead to a significant amount of weight loss immediately post-surgery [31], but
its long-term efficacy needs to be evaluated. The general metrics to assess the success of
the surgeries includes calculating %EWL (>50%), %TWL, and %WR post-surgery [32–36].
Different studies have shown a large amount of variability within these values, which have
been attributed to either the type of surgery, the preoperative BMI, and to the race and
ethnicity that the patients belong to [29,30]. To date, only a limited number of studies have
looked at differences in weight loss patterns across different populations and specifically
in the Saudi population, where bariatric procedures are presently being performed rou-
tinely. In our present study, we conducted a longitudinal follow-up of patients undergoing
bariatric surgery and observed the weight evolution patterns through annual follow ups
for a period of 6 years post-surgery.

4.1. Weight Evolution in the Overall Bariatric Group

All of the patients demonstrated a uniform annual incremental increase in the weight
loss outcome measures (i.e., absolute weight change, %EWL, and %TWL) as early as 1 year
post-surgery, and significant changes in these parameters were seen from baseline to up to
3 years post-surgery. Our findings are different from those of the previous studies that have
reported maximum weight loss to occur at 1–2 years post-surgery. The %EWL and %TWL
showed a similar pattern across the cohort, where incremental increases in weight loss were
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seen from the baseline, peaking at the 3-year post surgery. The calculated %EWL values
observed in our study population were higher than those reported by Bohdjalian et al. at the
3-year annual follow up, and while long-term weight outcomes were similar to theirs [37],
they were higher than those observed in other cohorts [37,38]. Weight change patterns
beyond 3 years showed a decrease in the propensity for further weight loss followed by
a plateauing phase and then a slow and gradual increase in the patients’ weight. Our
findings are in line with the findings of the SM-BOSS study that also showed an increased
BMI at 5 years [39].

Weight regain remains a major challenge in relation to the long-term success of
bariatric surgery [40]. Numerous studies have previously shown a higher tendency for
patients to regain their weight after an initial impressive weight loss until the midterm
(>3 years), which was not substantiated in the long term (>5 years). Although weight
regain is a consistent finding among studies, there are considerable inter-individual vari-
ations in the magnitude and rate of weight regain depending on factors ranging from
behavioral, dietary, lifestyle, psychological, ethnic, and racial differences [22,40–43]. One
of the reasons for the weight regain has been attributed to the influences of gastroin-
testinal hormones, including glucagon-like peptide 1 (GLP-1) ghrelin, glucose-dependent
insulinotropic polypeptide (GIP), and the adipokine leptin. These hormones have been
shown to regulate feelings of satiety, influence hunger and energy balance by regulating the
intake and storage, and energy expenditure through the actions of the entero–hypothalamic
axis [44,45]. In our study, we observed a gradual and consistent increase in the number of
patients who experienced weight regain across the follow-up period. Significant weight
regain (defined as ≥25% weight gain from nadir weight) was seen in 53.3% of the patients
at 6 years post-surgery. The %WR was significantly higher in the 6th year in comparison
to the 2nd and 3rd years of follow-up post-surgery. Our findings indicate that, similar to
lifestyle and medical management of obesity, bariatric surgery is also successful in yielding
short term weight loss. The notion that bariatric surgery provides a permanent solution for
resolution in the long term has to be made with caution.

4.2. Weight Loss Patterns between SG and RYGB

The two most common weight loss surgical procedures that are performed are SG and
RYGB, which differ in terms of the irreversible anatomical alterations created surgically at
specific sites in the gastrointestinal tract (GIT). These anatomical changes in the GIT lead to
many physiological and biochemical variations that produce differences in the regulation
of the food and appetite, gut hormones, bile acids, and gut microbiota and consequently
lead to weight loss by reducing appetite [46–49]. Few studies have claimed better weight
loss outcomes with RYGB, while another study that conducted a head to head comparison
between these two techniques suggests that in the long-term, only a subtle weight loss
difference exists in favor of RYGB [49]. In our study, we found that the trajectories of weight
loss in both the RYGB and SG demonstrated a similar trend when measured in terms of
changes in weight % and %EWL from baseline up to 3 years post-surgery, at which point,
the weight loss started decreasing. On the other hand, %TWL showed a steeper decline in
weight loss in the RYGB group up until 4 years post-surgery compared to the SG group.
Beyond the 4-year mark, both surgeries showed a similar weight pattern. Compared to
SG, RYGB is considered to be the intervention that results in far greater weight loss. Our
findings indicate that this assumption holds true with regard to weight loos in the short
term, but the effects of both surgical procedures are similar in the long term. Our results are
in line with the SLEEVEPASS and the SM-BOSS studies, which also reported no significant
differences between the two bariatric methods with regard to weight loss in both the short
or long term [48].

Previous studies have shown that on average, patients regain 7% of their total body
weight from their lowest post-operative weight over the course of 10 years [50]. This weight
regain pattern in our study was similar between the SG and RYGB groups. The RYGB
group demonstrated an increase in the %WR in the 3-year post-surgery follow up, while
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weight regain in the SG group was seen from the 4-year follow-up onwards. Previously, the
weight regain in patients who had undergone RYGB, was shown to be about 15% within
two years of the surgery, which subsequently increased to 70% of patients between two
and five years and to 85% at after five years post-surgery [51]. However, in our study,
significant weight regain was noted at 3-year post-surgery follow up. The causes for weight
regain have been shown to be due to homeostatic changes in the body post-surgery that
lead to biochemical, physiological, hormonal, and metabolic adaptations to weight loss
that support weight regain. These changes include perturbations in the levels of circulating
appetite-related hormones and energy homoeostasis. In addition, the alterations in nutrient
metabolism and subjective appetite are rather dependent on factors that depend on the
physiology of the body and the metabolism. RYGB and SG induce similar changes in
leptin, PYY, and GLP-1 levels, but not in the levels of ghrelin, whose levels are reduced
after SG, while they are known to change over time after RYGB and may be the reason
for the differences in weight regain between these methods [52]. The high prevalence of
weight regain after bariatric surgery has also been a reason for an increase in the number
of revisional bariatric surgeries that pose an increased surgical risk to the patient [53].

4.3. Weight Loss Changes According to Gender

In our study we also looked at the pattern of change in the weight loss patterns among
the male and female participants at the different post-surgery time points. We found that
males lost significantly more weight in terms of the mean values of %EWL in the 2, 3,
and 4-year post-surgery follow ups, while the weight loss in the female subjects at each
time point did not show any statistically significant differences with mean value of %EWL
6 years post-surgery. On the other hand, the mean %TWL values in both males and females
were significantly higher at 1 and at 2 years post-surgery when compared to the mean
values of %TWL at 6 years post-surgery. The differences in weight loss patterns among the
genders were also seen in previous report by Tymitz et al., who showed that men had a
higher absolute weight loss [54] while females showed a greater BMI loss post bariatric
surgery [55]. This difference between the genders has been suggested to be the result of
higher loss percentage of fat mass and an increase in fat free mass in men [56]. With regard
to weight regain, we observed that males started to show an increase in weight earlier
than their female counterparts, i.e., at the 3 years post-surgery. On the other hand, the
weight regain seen in the females started at 4 years post-surgery, but both groups showed
the same pattern at 6 years post-surgery. In their study, Meguid et al. attributed higher
weight regain in females to differences in eating habits, diet, and probably a failure in
developing and sustaining a large amount of plasma peptide YY levels, a hormone that
regulates satiety and suppresses hunger [57]. The differences in the weight regain pattern
of the males compared to the females within the two groups highlights the fact that gender
is an important factor that affects the outcome of these surgeries. Additional studies to
study the changes in the levels of these hormones in relation to differences in gender as
well as with the type of surgery will be conducted in the future. Emphasis should be placed
on regular follow ups post-surgery along with the implementation of a multidisciplinary
approach to track weight regain to provide the best outcomes.

To our knowledge, the present study is the first to have looked at the long-term
weight changes that occur post bariatric surgery in patients with obesity from Saudi
Arabia. As previously mentioned, a lack of standardization in the reporting measures
used for weight loss outcomes has been noted in the literature, which has hindered direct
comparisons of weight loss among various studies. Therefore, we used two weight loss
measures or outcome variables, EWL% and TWL%, in the present study to provide a
broader representation of the measures of weight loss that will allow our results to be more
easily compared to those of other studies [32,33,58]. Our study has a number of limitations,
specifically with regard to the attrition rate and number of patients that followed up, even
after being given clinical appointments. One of the reasons for this could be the increased
weight regain due to unhealthy dietary habits and behavioral lifestyle practices [17], which
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could have deterred the patients from attending their follow-up appointments. Although
our follow-up rate is low, it is similar to that found by other groups attempting long-
term follow-up studies [33,59,60]. All of the patients undergoing bariatric surgery were
included without any prior stratification of their preoperative weight that could have
affected the results.

5. Conclusions

The weight loss results that occur after bariatric surgery can be considered profound,
as seen at 3 years post-surgery, but they are not consistent in the long run. Weight regain
remains a major challenge post bariatric surgery, and long-term follow-up is required to
ensure gaining the optimal benefits from this intervention.
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Abstract: Trimethylamine N-oxide (TMAO), a gut microbe-dependent metabolite, has been impli-
cated as a novel risk factor for cardiovascular events related to obesity and type 2 diabetes mellitus
(T2DM). The aim of the study was to test the hypothesis if TMAO is associated with the reduction
of cardiovascular disease in the Korean obese patients who underwent bariatric surgery. From a
subgroup of a multicenter, nonrandomized, controlled trial, titled KOBESS, 38 obese patients, 18 with
and 20 without T2DM, who underwent Roux-en-Y gastric bypass (RYGB) or sleeve gastrectomy (SG)
were investigated. Bariatric surgery is indicated for Korean patients with a body mass index (BMI)
≥ 35 kg/m2 or for Korean patients with a BMI ≥ 30 kg/m2 who have comorbidities. Serum levels of
TMAO and its precursors, betaine, carnitine, and choline were measured before and six months after
bariatric surgery. The levels of TMAO and its precursors did not differ between obese patients with
T2DM and non-T2DM at baseline. However, TMAO increased more than twofold in patients with
T2DM after RYGB surgery, but not in patients without T2DM. Choline levels were decreased by half in
all patients after RYGB. In patients with T2DM who underwent SG, TMAO, betaine, and carnitine lev-
els did not change after the surgery. Furthermore, in obese patients who underwent bariatric surgery,
increased TMAO levels were associated with both T2DM and RYGB, while reduced choline levels
were associated with RYGB. These associations need to be further elucidated in follow-up studies to
gain further insights into the relationship between TMAO levels and bariatric surgery outcomes.

Keywords: trimethylamine N-oxide; cardiovascular disease; obesity; bariatric surgery;
diabetes mellitus

1. Introduction

Obesity is an ever-growing disease that is strongly associated with metabolic syn-
drome, characterized by insulin resistance, hyperglycemia, hyperlipidemia, and hyper-
tension. Patients with obesity and diabetes mellitus (DM) are at an increased risk of
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cardiovascular morbidity and mortality. Several clinical trials have shown the significant
effects of bariatric surgery, including weight loss, improvements in serum glucose control,
and reduced risk of cardiovascular diseases [1,2].

Trimethylamine N-oxide (TMAO), a gut microbe-dependent metabolite, is a small or-
ganic compound derived from dietary choline, betaine, and L-carnitine through metabolic
processes of gut microbiota and subsequently by hepatic flavin monooxygenases [3–5].
Evidence suggests that TMAO induces platelet hyperactivity and thrombosis,
thereby increasing the atherosclerotic burden [6]. These findings are replicated in other
clinical studies that showed an association between elevated TMAO levels and an increased
risk of atherosclerosis and cardiovascular disease (CVD) [7,8]. Moreover, prospective cohort
studies have shown that increased TMAO levels could predict an elevated risk of major ad-
verse events, such as myocardial infarction, stroke, or death [8–10]. In addition, increased
levels of TMAO are strongly associated with obesity and DM [11,12]. Recent observational
studies have reported TMAO levels to be elevated after bariatric surgery [13,14].

As expected, bariatric surgery changes the composition of the gut microbiome owing
to the characteristics of the surgical procedures involving the reconstruction of the small
intestine [15]. However, TMAO levels were reported to be increased in Norwegians after
bariatric surgery [13]. Given the well-established beneficial effects of bariatric surgery
on attenuating the risks of CVDs, increased level of TMAO, a molecule that has been
suggested as a risk factor for CVD, after bariatric surgery is conflicting and contradictory.
To the best of our knowledge, as of today, the impact of bariatric surgery on TMAO change
in Asians has not been reported.

Thus, in this prospective study, we investigated the levels of TMAO and its precursors
to elucidate the association between TMAO and the risk of CVD after bariatric surgery.
We subdivided patients in this study according to the presence or absence of DM and the
types of bariatric surgery.

2. Material and Methods

2.1. Patients and Study Design

The current study is part of a clinical trial entitled Korean Obesity Surgical Treatment
Study (KOBESS), registered at www.ClinicalTrials.gov, accessed on 10 September 2021
(NCT03100292) [16]. KOBESS is a prospective, multicenter, nonrandomized, controlled
study of obese Korean patients who underwent primary sleeve gastrectomy (SG) or Roux-
en-Y gastric bypass (RYGB). All patients were recruited between August 2016 and April
2019. Patients with a body mass index (BMI) ≥ 35 kg/m2 or a BMI 30.0–34.9 kg/m2 and
obesity-related comorbidities, such as DM, hypertension, or hyperlipidemia,
were considered eligible for KOBESS. The protocol was approved by the Institutional
Review Board of each clinical center (approval number for the coordinating investiga-
tor: 000000 2016-06-015), and informed written consent was obtained from all participants.
Patients who had complete results for laboratory tests conducted at baseline and six months
after surgery were enrolled. Patients with serum samples of less than 50 μL, which was
considered insufficient volume for analysis, were excluded from the study. Of 64 KOBESS
patients, 38 obese patients, 18 with and 20 without type 2 DM (T2DM), were enrolled and
investigated in the current study (Supplementary Figure S1). Seventeen patients (7 with
T2DM and 10 without T2DM) underwent RYGB, and 21 patients (11 with T2DM and 10
without T2DM) underwent SG.

2.2. Anthropometric and Laboratory Assessments

Patients were assessed for anthropometry and blood chemistry at baseline two
weeks before surgery. Follow-up examinations were performed six months after surgery.
Anthropometric data and laboratory test results were recorded for each of the 38 patients
six months after bariatric surgery. Height, weight, sex, systolic and diastolic blood pres-
sure (mmHg), and BMI (kg/m2) were measured and recorded. Fasting blood samples
were collected using a standard venipuncture and stored at –70 ◦C. Laboratory tests,
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including complete blood count, fasting plasma glucose, glycosylated hemoglobin (HbA1c),
lipid profile (triglycerides, total cholesterol, high-density lipoprotein cholesterol [HDL-
C], low-density lipoprotein cholesterol [LDL-C]), liver panel [aspartate aminotransferase
(AST), alanine aminotransferase (ALT), γ-glutamyl transpeptidase (GTP), alkaline phos-
phatase (ALP)], renal panel [creatinine, blood urea nitrogen (BUN), uric acid (mg/dL)],
ferritin, iron, vitamin B, and folate were performed. The diagnosis of T2DM at baseline
was defined according to a previous diagnosis; HbA1c ≥ 6.5%, fasting serum glucose when
fasting for more than 8 h ≥ 126 mg/dL, or serum glucose after 75 g oral glucose tolerance
test ≥ 200 mg/dL.

2.3. Metabolomic Analysis

For targeted quantitative analysis, we performed ultra-high-performance liquid chro-
matography/triple quadrupole mass spectrometry (UPLC/TQ-MS) analysis. Prior to
analysis, 20 μL of serum sample was extracted using 80 μL of methanol, and the aqueous
supernatant was diluted with 20% acetonitrile (v/v) containing 5 ng/mL betaine-d11,
an internal standard. UPLC/TQ-MS analysis was performed on an Agilent 1290 Infinity
LC and an Agilent 6495 triple quadrupole MS system equipped with an Agilent Jet Stream
electrospray ionization source (Agilent Technologies, USA). Chromatographic separation
was carried out on an Acquity UPLC BEH amide column (2.1 mm × 50 mm, 1.7 μm; Waters)
with a binary gradient system comprising 10 mM ammonium formate in water (solvent
A) and acetonitrile (solvent B). The linear gradient elution was as follows: 0–1.0 min, 85%
B; 1.0–2.5 min, 85–40% B; 2.5–3.0 min, 40% B; 3.0–3.1 min, 40–85% B; 3.1–5.1 min, 85% B.
Quantification was performed in the multiple reaction monitoring mode using MS opera-
tion in positive ionization mode. Mass Hunter Workstation (Ver B.06.00, Agilent Technolo-
gies, USA) software was used for data acquisition and analysis. Metabolite analysis was
performed on serum samples collected at baseline and six months after bariatric surgery
from 37 patients. Data from one patient were excluded because of measurement failure.

2.4. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD). A paired t-test or
independent t-test was used to assess the difference in each variable between baseline and
six months after surgery. A significance level of 0.05 was used. Statistical analyses were
performed using commercial software packages (SPSS version 19; IBM, Chicago, IL, USA),
and p-values less than 0.05 were considered to be statistically significant.

3. Results

3.1. Clinical Characteristics

As a subgroup of a prospective multicenter clinical trial, a total of 38 obese patients
who underwent both bariatric surgery and laboratory tests conducted at baseline and
six months after surgery were enrolled (Supplementary Figure S1). The baseline charac-
teristics of the two groups divided by the prevalence of T2DM (18 patients with T2DM
and 20 without T2DM) are presented in Table 1. At baseline, the mean age in the T2DM
group was 8 years older (p = 0.034) and the HbA1c level was 2.2% higher than in the
non-T2DM group (p < 0.001). In the T2DM group, BMI was slightly higher than that of
non-T2DM (37.8 ± 5.9 kg/m2 vs. 40.1 ± 6.4 kg/m2), but there was no significant difference.
There were no differences in sex, type of surgery, systolic blood pressure (SBP), diastolic
blood pressure (DBP), total cholesterol, and triglyceride levels between the two groups.
In the T2DM group, 7 (38.9%) patients underwent RYGB, and 11 (61.1%) underwent SG.
In the non-T2DM group, 10 (50.0%) patients underwent RYGB, and 10 (50.0%) underwent
SG. All surgical procedures were performed without any significant postoperative compli-
cations, and all patients received recommendations regarding dietary habits and lifestyle
modifications and micronutrient supplementation (vitamin D, vitamin B12, multivitamin,
calcium) as required.
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Table 1. Baseline characteristics of patients with type 2 diabetes mellitus (T2DM) and non-T2DM.

T2DM (n = 18) Non-T2DM (n = 20) p Value

Gender (male:
female) 13:5 14:6 0.884

Age (years) 43.8 ± 13 35.4 ± 11 0.034
BMI (kg/m2) 37.8 ± 5.9 40.1 ± 6.4 0.271

RYGB:SG 7:11 10:10 0.505
HbA1c (%) 7.8 ± 1.6 5.6 ± 0.3 <0.001

SBP (mmHg) 131 ± 13 140 ± 20 0.123
DBP (mmHg) 80 ± 12 85 ± 18 0.324

Total cholesterol
(mg/dL) 192 ± 41 183 ± 28 0.420

Triglyceride (mg/dL) 213 ± 213 152 ± 69 0.234
Data are presented as the mean ± standard deviation (SD) or number (n). T2DM, type 2 diabetes mellitus;
BMI, body mass index; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy, HbA1c, glycosylated hemoglobin;
SBP, systolic blood pressure; DBP, diastolic blood pressure.

Table 2 shows BMI and changes in serum biochemical indices six months after surgery
for two groups. After bariatric surgery, BMI decreased significantly by more than 10 kg/m2

in both groups (both p < 0.001). In addition, both SBP and DBP decreased in the two groups,
but the decrease was not significant. In patients with T2DM, HbA1c decreased significantly
from 7.8% to 6.2% and mean value of serum glucose markedly decreased from 144 mg/dL
to 105 mg/dL. Even in non-T2DM patients, mean value of serum glucose decreased from
102 mg/dL to 94 mg/dL (p = 0.003). AST, ALT and HDL-C were significantly improved in
both groups (p < 0.05 for all). In addition, in non-T2DM patients, GTP, total cholesterol and
triglyceride decreased significantly. Levels of BUN and uric acid of both groups remained
unchanged. The level of ferritin decreased in both groups, and VitB12 decreased in T2DM
after bariatric surgery.

3.2. Changes in Metabolites

Table 3 shows the serum levels of betaine, carnitine, choline, and TMAO at baseline
and six months after bariatric surgery (RYGB and SG). Betaine, carnitine, and choline are
the precursors of TMAO. Serum levels of TMAO and its precursors did not change at
six months after surgery. (p > 0.05). When stratified by the presence and absence of T2DM,
serum levels of TMAO, although not statistically significant (2.2 ± 1.6 vs. 4.9 ± 5.9 μM,
p = 0.072), appeared increased in patients with T2DM (Figure 1 and
Supplementary Table S1). The levels of betaine, carnitine, and choline remained unchanged
after surgery in both the T2DM and non-T2DM groups.

We stratified the patients according to the type of surgery, RYGB and SG (Table 4).
We found no difference in baseline levels of TMAO and its precursors. After surgery,
TMAO, betaine, and carnitine levels did not significantly change in both the T2DM and
non-T2DM groups. Intriguingly, we observed significantly decreased levels of choline
(3.2 ± 2.1 μM at baseline, 1.7 ± 1.4 μM after six months, p = 0.004) after RYBG, but not after
SG (p = 0.850).

Based on the increased level of TMAO in patients with T2DM, we stratified patients
with T2DM and non-T2DM according to the type of bariatric surgery: T2DM with RYGB
(n = 7), T2DM with SG (n = 11), non-T2DM with RYGB (n = 10), and non-T2DM with SG
(n = 9). We also analyzed the levels of the metabolites (Table 5). Betaine and carnitine
levels were not affected by the presence of T2DM or the type of surgery. Contrary to the
levels of betaine and carnitine, those of choline and TMAO appeared to be influenced by
the presence of T2DM or the type of surgery. In T2DM patients who underwent RYGB,
the level of TMAO increased more than twofold (2.3 ± 1.5 to 5.5 ± 3.1 μM, p = 0.043).
In contrast, in patients with non-T2DM, TMAO levels did not change in either the RYGB or
SG groups. These results suggest a possible association of TMAO with T2DM and RYGB.
We also observed that the level of choline was associated with RYGB. The level of choline
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was attenuated in non-T2DM patients who underwent RYGB (3.2 ± 2.0 to 2.1 ± 1.5 μM,
p = 0.036). The mean level of choline, although not significant, decreased from 3.3 ± 2.5 to
1.2 ± 1.2 μM (p = 0.091) in T2DM patients who underwent RYGB.

Table 2. Serum indices at baseline and six months after bariatric surgery in patients with T2DM and non-T2DM.

T2DM
(n = 18)

non-T2DM (n = 20)

Baseline Six Months after Surgery p Value Baseline
Six Months

after Surgery
p Value

Age (years) 43.8 ± 12.9 35.4 ± 10.8
BMI (kg/m2) 37.8 ± 5.9 27.5 ± 5.2 <0.001 40.1 ± 6.4 29.9 ± 5.2 <0.001
SBP (mmHg) 131 ± 13 124 ± 20 0.206 140 ± 20 133 ± 17 0.250
DBP (mmHg) 80 ± 12 78 ± 13 0.626 85 ± 18 80 ± 17 0.443

HbA1c (%) 7.8 ± 1.6 6.2 ± 1.1 <0.001 5.6 ± 0.3 - -
Glucose
(mg/dL) 144 ± 50 105 ± 21 0.009 102 ± 11 94 ± 6 0.003

AST (IU/L) 39.3 ± 22 22.8 ± 6.1 0.004 34.8 ± 18 20.3 ± 8.5 0.002
ALT (IU/L) 52.3 ± 37 22.5 ± 12 0.005 57.7 ± 37 19.4 ± 11.8 <0.001
GTP (IU/L) 47.1 ± 27 27.9 ± 29.8 0.086 38.4 ± 21 15.1 ± 8.7 <0.001
ALP (IU/L) 85.3 ± 22 82.1 ± 26.5 0.726 72.2 ± 17 71.4 ± 13 0.713

Total
cholesterol
(mg/dL)

192 ± 41 180 ± 36 0.060 183 ± 28 166 ± 26 0.012

Triglyceride
(mg/dL) 213 ± 213 122 ± 54 0.079 152 ± 69 94 ± 32 <0.001

HDL-C
(mg/dL) 47.1 ± 8.3 51.8 ± 10 0.030 47.5 ± 13 54.2 ± 14 0.001

LDL-C
(mg/dL) 116 ± 27 109 ± 28 0.292 116 ± 30 103 ± 21 0.054

Creatinine
(mg/dL) 0.79 ± 0.22 0.72 ± 0.20 0.693 0.75 ± 0.19 0.72 ± 0.15 0.287

BUN (mg/dL) 13.7 ± 7.2 13.8 ± 6.5 0.877 12.2 ± 4.0 11.3 ± 3.3 0.411
Uric acid
(mg/dL) 5.5 ± 1.5 5.1 ± 1.1 0.127 6.0 ± 1.7 5.0 ± 1.3 0.004

Ferritin 165.8 ± 158.7 107.2 ± 117.8 0.011 157.8 ± 146 101.2 ± 102 0.010
Iron 101 ± 27 100 ±30 0.863 87 ± 39 105 ± 36 0.050

VitB12 621 ± 305 516 ± 218 0.040 475 ± 204 433 ± 209 0.180
Folate 9.06 ± 4.6 8.94 ± 5.3 0.921 6.61 ± 3.7 6.75 ± 4.9 0.861

Data are presented as the mean ± standard deviation. T2DM, type 2 diabetes mellitus; BMI, body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GTP,
γ-glutamyl transpeptidase; ALP, alkaline phosphatase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol.

Table 3. Serum metabolites at baseline and six months after bariatric surgery.

Baseline Six Months after Δ p Value

Betaine (μM) 15.4 ± 6.1 17.2 ± 7.9 1.8 ± 6.7 0.116
Carnitine (μM) 16.0 ± 5.7 15.9 ± 5.3 −0.095 ± 4.3 0.894
Choline (μM) 4.8 ± 5.0 3.9 ± 5.3 −9.0 ± 6.4 0.396
TMAO (μM) 2.5 ± 3.0 3.5 ± 4.5 0.95 ± 5.4 0.292

Data are presented as the mean ± standard deviation. Δ, difference between baseline and six months after surgery; TMAO, trimethylamine-
N-oxide.
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Figure 1. Serum levels of metabolites at baseline (black bars) and six months after bariatric surgery
(gray bars) in (A) Type 2 diabetes mellitus (T2DM) and (B) non-T2DM patients. Abbreviation: T2DM,
type 2 diabetes mellitus; TMAO. Trimethylamine-N-oxide.

Table 4. Serum indices at baseline and after six months in subjects who underwent Roux-en-Y gastric bypass (RYGB) and
sleeve gastrectomy (SG).

RYGB (n = 17) SG (n = 21) *

Baseline Six Months after p value Baseline Six Months after p Value p § Value

Age (years) 41.2 ± 13.4 38.0 ± 11.7 0.444
Male: Female 6:11 5:16 0.451

T2DM:
non-T2DM 7:10 11:10 0.505

BMI (kg/m2) 39.2 ± 5.9 28.1 ± 3.8 <0.001 38.9 ± 6.5 28.4 ± 6.2 <0.001 0.865
SBP (mmHg) 128 ± 10 133 ± 23 0.450 141 ± 20 126 ± 14 0.002 0.021
DBP (mmHg) 78 ± 8 83 ± 20 0.319 86 ± 18 76 ± 8 0.060 0.125

HbA1c (%) 8.5 ± 1.1
(n = 7) 6.9 ± 1.3 0.002 7.5 ± 1.8

(n = 10) 5.8 ± 0.7 0.007 0.394

Glucose
(mg/dL) 126 ± 29 105 ± 16 0.007 119 ± 48 95 ± 15 0.028 0.621

Betaine (μM) 14.5 ± 6.9 17.1 ± 8.6 0.092 16.2 ± 5.4 17.2 ± 7.6 0.529 0.411
Carnitine

(μM) 14.8 ± 6.7 13.9 ± 5.9 0.405 17.0 ± 4.7 17.5 ± 4.1 0.588 0.268

Choline (μM) 3.2 ± 2.1 1.7 ± 1.4 0.004 6.2 ± 6.3 5.8 ± 6.5 0.850 0.059
TMAO (μM) 2.9 ± 3.8 3.5 ± 2.7 0.613 2.2 ± 2.0 3.5 ± 5.6 0.365 0.492

* Metabolite data from 20 patients. § Comparison of baseline values between the two groups. Data are presented as the mean ± standard
deviation or number (n). RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; T2DM, type 2 diabetes mellitus; BMI, body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; TMAO, trimethylamine-N-oxide.
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Table 5. Changes in metabolites according to diabetes and surgery type.

T2DM with RYGB
(n = 7)

T2DM with SG
(n = 11)

Non-T2DM with RYGB
(n = 10)

Non-T2DM with SG
(n = 9)

Baseline Six Months after
p

Value
Baseline

Six Months
after

p Value Baseline
Six Months

after
p Value Baseline

Six Months
after

p Value

Betaine
(μM) 13.3 ± 7.5 15.1 ± 2.9 0.398 16.5 ± 5.5 18.8 ± 10.0 0.477 15.4 ± 6.8 18.5 ± 11.0 0.241 15.7 ± 5.5 15.3 ± 2.1 0.553

Carnitine
(μM) 12.7 ± 7.1 13.1 ± 6.6 0.866 16.8 ± 4.0 18.1 ± 4.4 0.328 16.3 ± 6.3 14.6 ± 5.7 0.260 17.2 ± 5.7 16.9 ± 3.9 0.953

Choline
(μM) 3.3 ± 2.5 1.2 ± 1.2 0.091 5.0 ± 3.5 7.1 ± 7.6 0.656 3.2 ± 2.0 2.1 ± 1.5 0.036 7.6 ± 8.6 4.3 ± 5.0 0.441

TMAO
(μM) 2.3 ± 1.5 5.5 ± 3.1 0.043 2.2 ± 1.7 4.6 ± 7.3 0.306 3.3 ± 4.9 2.0 ± 1.1 0.878 2.2 ± 2.4 2.1 ± 2.2 0.813

Data are presented as the mean ± standard deviation or number (n). RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; T2DM, type
2 diabetes mellitus; TMAO, trimethylamine-N-oxide.

4. Discussion

In our study of obese patients who underwent bariatric surgery, we observed that
the serum levels of TMAO increased substantially in T2DM patients who underwent
RYGB, while other precursor metabolites, betaine and carnitine, were not altered. We also
observed that the level of choline decreased significantly in all patients who underwent
RYGB. Meanwhile, there was no significant change in metabolites including TAMO in
patients with SG regardless of diabetes.

In the current study, we observed that TMAO levels were particularly associated with
T2DM and RYGB. Previous studies have reported that TMAO levels after bariatric surgery,
particularly RYGB, are increased [13,14], but not after vertical banded gastroplasty [17].
Trøseid et al. reported that plasma levels of TMAO more than doubled compared to
the preoperative level in 27 obese patients one year after RYGB (4.4 μM vs. 10.5 μM,
p < 0.001) [13]. Tremaroli et al. observed increased levels of TMAO only in patients who
underwent RYGB but not in those that underwent vertical-banded gastroplasty, nine years
after bariatric surgery [18]. In addition, they did not observe differences in other metabo-
lites, carnitine and betaine, between the control and surgery groups.

The mechanism underlying the increase in TMAO levels after RYGB surgery remains
to be elucidated. One possibility is that this may be due to adaptive shifts in the gut
microbiota. Studies have indicated that bariatric surgery produces a specific shift in
the gut microbiota that persists for up to a decade after surgery and is different from
the shifts related to dietary intervention for weight loss [15,18,19]. Li et al. observed a
major shift in the gut phyla towards higher concentrations of Proteobacteria (52-fold),
lower concentrations of Firmicutes (4.5-fold), and Bacteroidetes (twofold) in a non-obese
RYGB rat model compared with sham-operated rats [20]. Tremaroli et al. suggested that the
increased level of TMAO after bypass surgery might be the consequence of less anaerobic
metabolism in the intestine after bypass surgery, a hypothesis that is supported by the
broad increase in facultative anaerobes in the intestine after RYGB [18]. Supporting this
hypothesis, a recent study indicated that Proteobacteria is the most important bacteria
as it encodes the cutC gene that codes for choline to trimethylamine (TMA)-mediating
enzyme, choline TMA-lyase [21]. Thus, adaptive shifts in the gut microbiota of RYGB
surgery may be responsible for the increased level of TMAO. In the current study, however,
contrary to the more than doubled level in T2DM patients who underwent RYGB, we did
not observe any change in TMAO levels in non-T2DM patients who underwent RYGB.
This result clearly does not support the hypothesis that adaptive shifts in the gut microbiota
are responsible for the increase in TMAO levels after RYGB surgery.

Another possible explanation for the increased TMAO level after RYGB surgery is that
flavin-containing monooxygenase 3 (FMO3), the hepatic enzyme that produces TMAO,
might be responsible for the increase in TMAO levels. Higher levels of TMAO are associated
with T2DM [11,22]. A recent meta-analysis demonstrated a positive dose-dependent
association between TMAO levels and an increased risk for T2DM [23]. The study indicated
that the odds ratio for DM prevalence increased by 54% per 5 μM increment in serum
TMAO levels. An interesting recent study showed that FMO3 is suppressed by insulin
and increases in obese/insulin-resistant humans [24]. More intriguingly, a study reported
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that RYGB corrects fasting hyperinsulinemia in patients with T2DM [25]. Based on the
above-referenced studies, decreased production of insulin during fasting after RYGB could
contribute to the increased activity of FMO3, leading to increased levels of TMAO.

In addition to the increased level of TMAO in T2DM patients who underwent RYGB,
we also observed that reduced choline levels were associated with RYGB. The decreased
choline level is likely due to the rearrangement of the anatomy of the intestine rather than
the presence of T2DM, since choline levels were significantly reduced in all patients who un-
derwent RYGB. In addition, we did not observe any change in choline levels in patients who
underwent SG, in which the anatomy of the intestine remains intact. Adaptive shifts in gut
microbiota towards higher concentrations of bacteria, such as Proteobacteria, that actively
convert choline into TMA could explain the decreased choline level after RYGB.

This study is limited to the insufficient power of statistical significance. However,
insufficient power of statistical significance does not exclude the possible effect of TMAO
on cardiovascular disease. The aim of the study was to test the hypothesis if TMAO is
associated with the reduction of cardiovascular disease in the Korean obese patients who
underwent bariatric surgery. The prevalence of obesity in Korea steadily increased and the
incidence of metabolic disease also concomitantly increased. Bariatric surgery has been
reimbursed by National Health Insurance Service in Korea since 2019. The indication of
bariatric surgery in Korea is different from that in Western countries. Bariatric surgery
is indicated for Korean patients with BMI ≥ 35kg/m2 or for Korean patients with BMI
≥ 30kg/m2 who have comorbidities (T2DM, hypertension, dyslipidemia, obstructive sleep
apnea etc.). Therefore, these data cannot be applied to the patients in Western countries.
Asian people have similar characteristics and comorbidity. Based on this preliminary
study, a large clinical study is underway to determine if TMAO can be a risk factor for
cardiovascular disease (Clinical trials No. NCT04554758).

To the best of our knowledge, this is the first prospective study to reveal that the
increase in TMAO levels after RYGB is associated with T2DM. The current study is a
relatively short-term study of six months. Given the conflicting facts that high TMAO levels
are implicated in CVD, while RYGB surgery reduces the risk of CVD, further prospective
long-term studies are necessary to gain further insights into the relationship between
TMAO levels and bariatric surgery outcomes.
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Abstract: Bariatric surgery (BS) procedures are actually the most effective intervention to help
subjects with severe obesity achieve significant and sustained weight loss. White adipose tissue
(WAT) is increasingly recognized as the largest endocrine organ. Unhealthy WAT expansion through
adipocyte hypertrophy has pleiotropic effects on adipocyte function and promotes obesity-associated
metabolic complications. WAT dysfunction in obesity encompasses an altered adipokine secretome,
unresolved inflammation, dysregulated autophagy, inappropriate extracellular matrix remodeling
and insufficient angiogenic potential. In the last 10 years, accumulating evidence suggests that BS
can improve the WAT function beyond reducing the fat depot sizes. The causal relationships between
improved WAT function and the health benefits of BS merits further investigation. This review
summarizes the current knowledge on the short-, medium- and long-term outcomes of BS on the
WAT composition and function.

Keywords: bariatric surgery; adipose tissue; obesity; subcutaneous adipose tissue; visceral adipose
tissue; cytokines; adipokines; adipocyte

1. Introduction

White adipose tissue (WAT) has evolved to become the largest endocrine organ. Its
plasticity in response to excess or deficit of nutrients is crucial to maintain metabolic health.
The remodeling and expansion capacity of adipose tissue implies the orchestrated response
of adipocytes, immune cells, endothelial cells, fibroblasts, the extracellular matrix, and
its secretome (cytokines, hormones, microRNAs) as mediators of crosstalk between the
main organs involved in metabolic health. Dysfunctional expansion of adipose tissue
emerges as a key determinant of obesity-related complications. WAT expansion beyond
the subcutaneous adipose tissue (SAT) capacity leads to visceral adipose tissue (VAT)
expansion and ectopic fat deposition in other tissues, which are major contributors to
cardiovascular disease and metabolic risk above body mass index (BMI) [1]. The precise
mechanism leading to impaired adipose tissue expandability are not fully understood.
Bariatric surgery (BS) currently results in weight loss and better control of comorbid obesity
conditions than medical therapy. BS is also associated with a reduced risk of mortality
and of some types of cancer [2]. Currently, Roux-en-Y gastric bypass (RYGBP), sleeve
gastrectomy (SG), and biliopancreatic diversion (BPD) are the main surgical techniques
used worldwide [3].

This review aims to delve into the biology of adipose tissue in the context of obesity
and its changes after BS.

J. Clin. Med. 2021, 10, 5516. https://doi.org/10.3390/jcm10235516 https://www.mdpi.com/journal/jcm
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2. Obesity-Related White Adipose Tissue Dysfunction

To identify what hypothetical benefits BS has on adipose tissue biology, we need to cite
first the most consensed features of obesity-related WAT dysfunction: an altered adipokine
secretome [4,5], unresolved inflammation [6,7], inappropriate extracellular matrix (ECM)
remodeling, and insufficient angiogenic potential [8]. The causal order in this context
is not completely known; however, hypertrophic adipocytes seem more prone to this
scenario as they reach the diffusional limit of oxygen, resulting in persistent hypoxia
and ultimately leading to unhealthy WAT tissue expansion [8]. Given its role in WAT
remodeling, some authors add autophagy dysregulation to this context [9,10]. Among
these features, inflammation-related phenomena, i.e., impaired adipokine and cytokine
secretion, have been undoubtedly the most exhaustively studied and tracked parameters
during the postsurgical follow-up period after BS.

Obese WAT is characterized by macrophage infiltration, a condition considered as
both the cause and consequence of its immune response, which leads to chronic inflam-
mation [11,12]. Obesity-related accumulation of adipose tissue macrophages (ATMs) has
been clearly demonstrated in multiple studies [13–15] and the majority of such ATMs
accumulate in omental rather than subcutaneous depots [14–16]. Thus, while a small
number of macrophages, preferentially localized near blood vessels and dispersed among
mature adipocytes are found in lean WAT, subjects with severe obesity show a higher
abundance of infiltrating macrophages forming crown-like structures (CLS) around sin-
gle adipocytes [13]. Such macrophages predominantly present the M1 pro-inflammatory
phenotype and promote inflammation by releasing tumor necrosis factor alpha (TNF-α)
and interleukin 6 (IL-6), thus contributing to insulin resistance. Alternatively activated,
M2-like macrophages play a role in WAT expansion, thermoregulation, antigen presenta-
tion, and iron homeostasis [17]. In lean humans, the number of M2 ATMs predominates,
secreting anti-inflammatory cytokines and utilizing oxidative metabolism to maintain
WAT homeostasis. During obesity development, their proportion compared to M1 ATMs
decreases and both populations may adopt a glycolytic metabolism [18]. Once the WAT
healthy growth capacity is exceeded, the production of specific adipokines and cytokines
by adipocytes and ATMs is compromised and can affect other organ systems.

Although the secretome of many other pro- [19–21] and anti-inflammatory [19,22,23]
mediators have been found altered in the context of obesity, those described here are the
most comprehensively evaluated, and their postsurgical modulation at different follow-up
times is summarized below.

2.1. Adipose Tissue-Derived Cytokines

Although the systemic impact of WAT cytokine production in the context of obesity
and diabetes has been recently called into question [24], it has been consistently shown
that BS-induced weight loss progressively decreases the infiltration of macrophages and
WAT secretion of pro-inflammatory molecules [25]. Such cytokines can be both released
by WAT-resident immune cells or directly from adipocytes. Below, we describe the most
well-studied in the context of obesity.

2.1.1. Pro-Inflammatory

TNF-α is a 17 kDa pro-inflammatory cytokine that can be secreted from mature
adipocytes but is predominantly produced within WAT stromovascular fraction, includ-
ing preadipocytes, endothelial cells, smooth muscle cells, fibroblasts, leukocytes, and
macrophages [26–28]. The latter is thought to be the major responsible for the elevated
expression during obesity [29].

IL-1β is a major 17.5 kDa pro-inflammatory cytokine secreted mostly by macrophages [30],
and its release from WAT nonfat cells is augmented during obesity [31]. With other in-
flammatory mediators, its production is greater in the visceral than in the subcutaneous
depot [32]. Increased circulating IL-1β levels have been associated with the risk of develop-
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ing type 2 diabetes [33], inasmuch as IL-1β contributes to inhibiting β-cell function and
destroying β-cell mass [34,35] and impairs adipocyte insulin signaling [36].

Adipocytes, fibroblasts, and endothelial and immune cells secrete IL-6, which in-
duces fever and liver production of the acute phase reactants, and also mediates chronic
inflammatory responses [37]. Both adipocytes and macrophages are responsible for its
overexpression in WAT during obesity [38,39]. Visceral rather than subcutaneous depot
seems to be the main source of circulating IL-6 levels [40].

Different cell types express IL-8, such as monocytes, macrophages, fibroblasts, en-
dothelial cells, and adipocytes [41,42]. IL-8 acts as a chemokine, attracting leukocytes [39];
as a pro-angiogenic factor [43]; and an amplifier of inflammation [44]. Secretion of IL-8 from
WAT is increased [45], mainly in the visceral depot [37] during obesity, and is associated
with insulin resistance [42].

IL-18 is another pro-inflammatory cytokine, produced by both hematopoietic cells and
non-hematopoietic cells, which has been found to be increased in obesity [46,47] and asso-
ciated with the metabolic syndrome independently of obesity and insulin resistance [48].

Chemoattractant chemokine ligand 2 (CCL2), also referred to as MCP-1, is a chemoat-
tractant cytokine produced by, among others, myeloid cells [49] and adipocytes [50]. The
latter enhances MCP-1 secretion during obesity [51], recruiting and activating macrophages
through the MCP-1/IL-1β/CXCL12 signaling pathway [52]. Nevertheless, WAT expansion
augmentation does not influence circulating MCP-1 levels [51].

Three isoforms of transforming growth factor-beta (TGF-β) have been identified in
mammals, which are produced by all-white blood cells lineages and, to a lesser extent, by
mature adipocytes [53]. Despite originally being thought to have overlapping functions,
isoform-specific knockout mouse models revealed non-redundant phenotypes [54–56],
TGF-1β being the predominant and most important isoform [57]. TGF-1β release from
WAT is enhanced in obesity and in response to insulin and inhibitors of TNF-α and IL-β
and correlates BMI and adiposity [53].

2.1.2. Anti-Inflammatory

Secreted by Th2 T-cells, M2 macrophages, and adipocytes [39,58], IL-10 is an anti-
inflammatory cytokine that suppress macrophage activation [59], which has been inversely
associated with BMI and body fat content [60].

Primarily secreted from mast cells and eosinophils, cytokines IL-4 and IL-13 are closely
related, where the former stimulates the production of the latter [61], both sharing similar
anti-inflammatory functions and receptor complexes [62]. The presence of these cytokines
promotes alternative activation of macrophages into M2 cells and inhibits M1-like classical
activation [63]. Both IL-4 [64] and IL-13 [65] serum concentrations are increased in obesity.
Moreover, recent research showed a role for IL-4 in promoting adipocyte thermogenic
capacity [66] and lipolysis [67] through hormone-sensitive lipase (HSL) modulation [68].

2.2. Adipose Tissue-Derived Hormones
2.2.1. Pro-Inflammatory

Mostly produced by adipocytes, leptin is a highly conserved 167 kDa peptide. It is
secreted proportionally to the amount of adiposity [69,70]. Leptin acts to reduce the food
intake at the level of the hypothalamus and fat stores at the level of the adipocyte [71], as
well as promoting pro-inflammatory cytokine production by immune cells [38,58].

Resistin, traditionally considered a WAT-specific secretory factor, is a 12.5 kDa hor-
mone which acts as a modulator of body cholesterol trafficking, increasing low-density
lipoprotein (LDL)-cholesterol and degrading liver LDL receptors, thus contributing to
atherosclerosis pathogenesis. Within WAT, resistin promotes pro-inflammatory cytokine
production through the resistin receptor and is found to be increased in obesity [72]. Nev-
ertheless, mounting evidence reveals inconsistencies between resistin’s role in rodents and
humans, and its relationship with insulin resistance in humans is still controversial [73],
with arguments existing both for [74–76] and against [77–79] this association.
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Visfatin is another proinflammatory adipokine that plays a role in insulin sensitivity
and whose production is increased in obesity and correlates with visceral adiposity [80].

2.2.2. Anti-Inflammatory

Adiponectin is secreted from WAT as an oligomer of varying sizes in an inversely
proportional manner to the degree of visceral adiposity [81]. Adiponectin plays an anti-
inflammatory role and promotes insulin sensitivity by increasing fatty acid oxidation,
thus regulating lipoprotein metabolism and inhibiting hepatic glucose production. The
adiponectin-leptin ratio is considered a biomarker of inflammation in WAT [82,83].

Predominantly expressed in the visceral depot [84], omentin -34 kDa- is an anti-
inflammatory adipokine with insulin-sensitizing effects whose levels are decreased in
obesity and diabetes [85] and inversely correlated BMI [86]. The role of other molecules
such as apelin, vaspin, and RBP4 in inflammation is less clear.

2.3. Extracellular Matrix Remodeling and Fibrosis

WAT is a highly dynamic organ, as it is responsible for storing and releasing energy
in response to nutrient excess or shortage. As WAT expands (by adipocyte enlargement—
hypertrophy; and preadipocyte recruitment—hyperplasia), ECM is remodeled to accom-
modate healthy WAT expansion. Like in other organs, sustained WAT inflammation can
trigger aberrant ECM deposition leading to WAT fibrosis. Profibrotic mediators such as
TGF-β or connective tissue growth factor (CTGF) participate in this pathway [87]. When
WAT becomes fibrotic, ECM stiffness impedes healthy remodeling, causing the tissue to
be metabolically dysfunctional, displaying, e.g., adipocyte death, decreased lipolysis, and
disrupted cell–cell interactions [87,88]. Thus, inflammation can disarrange the tight balance
between ECM composition, extracellular metalloproteinases (MMPs), and their inhibitors
(TIMPs) [89]. Data from three independent studies carried out by Karine Clément’s group
in BS subjects identified the degree of fibrosis in SAT as a predictor for poorer weight loss
response after BS [90–92]. In this context, HIF1α has been proposed to link the hypoxic mi-
lieu to fibrosis and inflammation [93]. Certainly, accumulating evidence demands further
research on the relationship between multiple ECM components and adipocyte function in
the context of obesity [88,94–97] and diabetes [98–100], and possible associations with BS
outcomes should be explored in depth.

2.4. Basal and Stimulated Lipolysis

Obesity is associated with an increase in basal lipolysis and impaired insulin ability to
suppress the FFA outflow [101,102]. Antagonistically, plasma catecholamines are important
stimulators of lipolysis via adrenergic receptors, particularly through beta-1 (ADRB1) and
beta-3 adrenergic receptors (ADRB3) in human WAT [103], and catecholamine-stimulated
lipolysis has also been found to be impaired in obesity [104]. Although the classical notion
of ‘catecholamine resistance’ in obesity seems to receive little attention today, some authors
recommend its revisitation [105].

More than two decades ago, Kaartinen et al. found a good correlation between the
fat cell size and response to isoproterenol in isolated SAT adipocytes from subjects with
obesity undergoing BS [106]. Interestingly, after substantial BS-induced weight loss, the
lipolytic effect of isoproterenol stimulation of adrenergic receptors was higher than lean
controls, despite no difference in receptor density between groups. Similar results have
been reported after short-term nutrition interventions [107,108]. Fasting FFA circulating
levels are other relevant measures of basal lipolysis, though they are not only dependent
on WAT lipolysis but also on clearance by muscle and the liver.

2.5. Angiogenesis

Adipogenesis and angiogenesis are tightly related processes during ‘healthy’ WAT ex-
pansion since adipocyte differentiation trigger blood vessel formation [109,110], and in turn,
WAT endothelial cells promote preadipocyte differentiation [111]. Vascular endothelial
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growth factor (VEGF)-A, highly expressed in WAT, plays a capital role in angiogenesis, and
its expression is raised during adipogenesis [112,113]. Besides the family of VEGF factors,
the angiopoietin (ANGPT) family is also involved in vascular remodeling, maturation, and
stabilization [114]. ANGPT-2, expressed in WAT endothelial cells, is considered a proangio-
genic factor. Although its overexpression in mice improved the metabolic status [115], its
role in the angiogenic process has not yet been elucidated. Platelet endothelial cell adhesion
molecule-1 (PECAM-1/CD31) plays a role as an adhesion and signaling molecule with
several roles in vascular and inflammatory processes, and its levels are increased in young
men with severe obesity [116].

2.6. Autophagy

Autophagy, the cellular mechanism that promotes cell survival during nutrient de-
pletion, may also be relevant under basal or nutrient excess conditions. During nutri-
ent depletion, autophagy can provide essential components for energy production and
biosynthesis. In circumstances of nutrient excess, autophagy plays an important role in
eliminating unfolded proteins and toxic aggregates and facilitating endoplasmic reticu-
lum homeostasis [117]. In this regard, liver autophagy has been the subject of extensive
research [118], while WAT autophagy has been receiving growing attention in recent years
and is now considered a key regulator of adipogenesis [9] with intricate implications in
ECM remodeling and inflammation [10]. Although some authors have reported attenuated
WAT autophagy in obesity [119], not all studies could confirm the sense in which obesity
and/or metabolic disruption is related to WAT autophagy alterations [10], and most stud-
ies point to overactivation of WAT autophagy in obesity [120–122] and diabetes [123,124].
However, several considerations should be taken into account [10]. Since WAT autophagy
can be regarded as a protective mechanism to avoid WAT maladaptation to nutritional
stress, this may explain enhanced autophagy despite the increased inflammation in dys-
functional WAT. In addition, autophagy has different functions depending upon the cell
type; thus, WAT cell heterogeneity should be taken into consideration. Finally, the varied
technical approaches used to measure autophagy and the different depots analyzed could
explain conflicting results among these studies. All of this together calls for much more
research into the relationship between autophagy, obesity, and BS outcomes.

3. Bariatric Surgery—Related Changes in White Adipose Tissue Biology

Since there is no standardization and the definition of short-, mid- and long-term
terminologies can vary among published reports [125], from here on, the current knowledge
on this topic is summarized across five follow-up time points commonly used to report
BS outcomes: ≤3 months (3 m), 6 m, 1 year (1 y)—all often considered to be short-term;
≥2 y <5 y—referred to as medium-term; and >5 y—frequently regarded as long-term
post-surgery. All bariatric interventions considered in Table 1 consisted of SG, RYGB,
or BPD.
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3.1. Short Term

During the first year, coinciding with the rapid weight loss phase after BS, both
SAT [126–130] and VAT [126–130,134,135] depots progressively reduce their size, and this
is accompanied by a reduction in the area of subcutaneous [136–138] and visceral [138]
adipocytes, respectively. A large adipocyte size was independently associated with a lower
incidence of insulin resistance 6 months after RYGBP [136].

In the very short term after BS (≤3 months), Cancello et al. showed a significant de-
crease of total ATMs (HAM56+ cells) in SAT after RYGB [13]. These results were confirmed
in another study from the same group, wherein CD40+ cells (M1-like) were also found to
be decreased and CD206+ and CD163+ cells (M2-like) increased 3 months after RYGB [16].
This was accompanied by a reversion to the lean WAT profile, with CLS remission and
ATMs again located near blood vessels [13].

Such early changes in the WAT cellular composition seem to alter the production of
some cytokines, while others generate conflicting results between studies or do not seem to
be modulated in the short term after BS. Thus, among the proinflammatory cytokines, MCP-
1 was found to be concomitantly decreased during this period [13,150,165,166], while TGF-β
or IL-1β seem to decrease only at 1 year after BS [142,147,156]. Reports on IL-6 production
give conflicting results at 3 and 6 months but agree on a consistent decrease 1 year after
surgery [139,142–144,146,150,152,156,158–160,168]. Similarly, reduced circulating levels of
IL-18 were found 1 y post-BS [141] and after massive BS-induced weight loss, irrespective
of the time elapsed since surgery [195,196].

In contrast, there is less consensus about TNF-α and IL-8, which have been found
in different studies to both be increased [140,155,156,197], decreased [141–144,163,164],
or unchanged [146–152,157] during this period. Similarly, BS-related outcomes on anti-
inflammatory cytokine production have yielded highly contradictory results between
studies during the short-term follow-up period, as is the case with IL-4 [64,140,167], IL-
10 [141,147,162,164,167,168], and IL-13 [144,167]. Interestingly, circulating omentin levels
decrease as early as 24 h post-BS, before any fat mass loss, and maintained for 1 y [172].

Inasmuch as surgical weight loss predominantly reduces the body fat content, it
is understandable that leptin levels were found to be consistently reduced following
BS [140,141,144,148–150,156,158,162,163,168,170]. The leptin levels were also reduced after
the novel endovascular bariatric procedure [198]. Nevertheless, systemic leptin levels are
not directly related to the amount of body weight or fat loss, since early reductions of adipos-
ity more dramatically reduce leptin levels than later periods of weight loss [162,170]. Again,
there is a lack of consensus regarding the short-term effect of BS on resistin levels, given
several studies have found it to be decreased [141,142,145,158,168] or unchanged [150,171].
In the case of visfatin, Lima et al. showed unaltered levels throughout the first year after
BS [150].

Despite some conflicting reports in the very short term [146,147,149,150,156], circu-
lating adiponectin levels appear to be consistently increased 1 year after BS [139,141,142,
150,152,156,158,168]. For its part, omentin was found to be increased as early as 24 h
after BPD [172], and such a change is maintained for up to 1 year [172,173]. Apelin, a
multifaceted biomarker [174], and vaspin, an insulin-sensitizing adipokine [175], are less
investigated adipokines that showed a short-term reduction after BS. Regarding RBP-4,
most studies reported a decrease in the circulating [177,178] or SAT mRNA [176] levels
early after BS.

One study performed by Chabot and collaborators showed no resolution of SAT
fibrosis 6 months after BS and suggested a transient association between SAT fibrosis and
insulin resistance in humans with obesity [180]. Similarly, Katsogiannos et al. did not find
significant differences in either the basal or stimulated lipolysis rate in SAT adipocytes
at 1 and 6 months after BS but reported a decrease in isoproterenol-stimulated lipolysis
at 6 versus 1 month after BS [181]. Conversely, insulin-suppressed free fatty acid (FFA)
release has been found to be enhanced at 4 months [137], 7 months [183], and 1 year after
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RYGBP [101]. While some authors found increased FFA levels in the early months after
BS [101,148,181], others reported no differences in this period [148,184–186].

García de la Torre et al. found higher VEGF-A levels in obese women undergoing
BS compared to lean controls, and such levels significantly decreased 1 y after surgery,
irrespective of the surgical procedure performed [187]. At this same follow-up period,
another recent study showed, in addition to VEGF-A, lower levels of several angiogenesis
biomarkers such as angiopoietin 2 (ANGPT-2), follistatin, hepatocyte growth factor (HGF),
and the platelet endothelial cell adhesion molecule (PECAM-1) in patients who underwent
SG or laparoscopic adjustable gastric banding (LAGB) [188].

Finally, Soussi et al. found attenuated WAT autophagy in obesity, and pre- versus
post-BS comparisons indicated ameliorated adipocyte autophagic clearance in all patients
within 3 to 12 months after the intervention, although at different degrees because of the
large time-frame in post-surgery sample collection [119].

3.2. Medium Term

Two years after surgery, both visceral and subcutaneous depots maintain reduced
sizes [126,131,132] as does the abdominal subcutaneous fat cell volume [132]. There is
much less data available on circulating parameters beyond 1 y after BS. While IL-6 levels
are consistently found reduced 2 y [145,153], 3 y [154], and 4 y after BS [169], reports on
TNF-a continue to report conflicting data [145,154]. Although reports on IL-10 also seem
quite inconsistent, some authors find that, after a temporary rise in the short term, its levels
return to baseline values at 2 y [145], or even continue falling at 4 y [169].

BS outcomes on leptin and adiponectin levels seem much more solid. Circulating
leptin has been repeatedly found to be reduced at 2 [145,153], 3 [154], and 4 y [169], and such
reductions seem to be mainly attributed to early changes in WAT. Conversely, adiponectin
levels continue to progressively rise in the medium term [145,153,154]. Only one report
seems to oppose this view, a contradiction that could arise from the limited number of
subjects and the variety of surgical techniques included in the study [169].

Beyond the short-term inconsistencies mentioned above, a single study showed that
circulating resistin, after an early decline, recovered baseline levels 2 y after gastric by-
pass [145]. Finally, the RBP-4 levels were found still lowered 24 months after BS. Such
changes were more pronounced in the subgroup without metabolic syndrome and corre-
lated with reductions in the waist and visceral fat diameter [179].

Despite negative results reported by Katsogiannos et al. in the short term in a mixed-
sex cohort [181], Löfgren and collaborators found reduced basal and stimulated lipolysis
rates at 2 y after BS exclusively in females [182], where differences in the basal rates
remained only significant when lipolysis was expressed per cell surface area. In another
study, the glycerol release in women who underwent RYGBP was found to be decreased
postsurgically at 2 y and then increased dramatically to similar levels observed before
surgery at 5 y [133]. Similarly, Manco et al. found reduced FFA levels in normoglucose-
tolerant obese women 3 years after BPD [154]. Finally, insulin-mediated suppression of
FFA outflow has been found to be enhanced 3 years after RYGBP [102].

3.3. Long Term

Studies on long-term outcomes after BS are restricted almost exclusively to weight-loss
parameters. Thus, a recent meta-analysis at 10 or more years after all bariatric procedures re-
ported weighted means of 56.7% excess weight loss (EWL) after GB, 45.9%EWL after LAGB,
74.1%EWL after BPD and 58.3%EWL after SG [199]. The same study reported a 48.9%EWL
and 22.2%TWL 20 y after LAGB. Very similar results were previously reported by the same
group at 15 y after LAGB [200]. A lower incidence [201] and greater remission [202] of
T2DM have also been reported in the long term; reductions in all-cause, cardiovascular, and
T2DM mortality have also been found [203]. Nevertheless, the potential impact of body
fat loss on these metabolic outcomes deserves further investigation since some variables
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appear to be more weight-dependent, while others seem to be more adiposity-dependent
from the medium-term [204].

Regarding the outcomes in WAT exclusively, we only have evidence from a single
study carried out in women by Hoffstedt and collaborators at the long-term follow-up [133].
The authors reported decreased amounts of estimated SAT and VAT at 2 and 5 y and
diminished SAT cell volume and increased adiponectin levels at 5 y post-BS. This study
also found augmented basal glycerol release from isolated SAT adipocytes at 5 y, despite
not finding changes in fasting plasma levels.

3.4. Summary of BS Outcomes on WAT

In summary, after bariatric surgery, SAT and VAT reduce their size progressively
during the weight-loss phases. M1-like decrease and M2-like ATMs increase early after
surgery; however, there are no data beyond the short term after BS.

Most pro-inflammatory cytokines begin to decrease early after surgery and continue
to decline in the medium- and long-term. However, TGF-B or IL1B decrease only after
one year of BS. There are controversial data on short-term TNFα and IL-8 levels after
surgery as well as in anti-inflammatory cytokine levels in the short- and medium-term
after surgery. Leptin levels drop rapidly soon after BS and then continue to decline during
the follow-up; conversely, adiponectin and omentin levels rise after surgery. Resistin and
visfatin dynamics show less agreement.

Regarding fibrosis, only one study reported no changes at short-term. Gender dif-
ferences seem to affect basal and stimulated rates of lipolysis, which have been found
decreased only in females at mid-term after BS. For its part, insulin inhibition of lipol-
ysis was found consistently enhanced at medium- and long-term after surgery. Finally,
autophagy increases and several angiogenesis-related molecules decrease at short-term,
although there is a lack of reports on longer follow-up periods.

4. Other Proposed Novel Mechanisms for WAT Improvement after BS

Mitochondrial function and biogenesis have been found to be impaired in obesity, and
T2DM and BS may attenuate mitochondrial damage in adipocytes. Thus, Varela-Rodríguez
and colleagues reported an increased mitochondrial density and coverage, together with
enhanced mitochondrial function at both the gene and protein level in abdominal SAT after
RYGB- or SG-induced weight loss in a reduced cohort of patients [205]. In the very short
term after RYGB, an induction of genes involved in mitochondrial biogenesis was found
in SAT [206]. Similarly, increased SAT expression of transcripts related to the oxidative
phosphorylation (OXPHOS) pathway has been shown 3 m [207] and 1 y after BS [137,208].
More recently, Van der Kolk et al. confirmed these findings in abdominal SAT in the
short and medium term after RYGB, while opposite results were found after a low-calorie
diet [209], suggesting a BS-specific effect. The authors also showed an induction of the
tricarboxylic acid (TCA) cycle and fatty acid oxidation 2 y after surgery.

Beiging is the process through which WAT can change its phenotype to a brown-like
adipose tissue known as beige/brite adipose tissue. Accumulating evidence from human
and rodent studies in the last years suggest that RYGB predominantly enhances beige ther-
mogenesis, while SG seems to promote brown adipose tissue thermogenesis [210]. A role
for bile acids and the gut microbiome has been proposed in these mechanisms. Moreover,
such thermogenic effects could depend on the fat content of the postoperative diet.

Beyond the fat mass loss and biological pathways discussed above, other mechanisms
could contribute to the improvement of WAT dysfunction after BS. Thus, Frikke-Schmidt
and colleagues recently summarized other potential pathways affecting the WAT function
that can play a role after BS [105]. Bile acids, whose levels are persistently found to be
increased after surgery [211], may improve adipocyte function acting upon the FXR recep-
tor [212]. Another hypothesized mechanism implies gut microbiome composition. It has
been found that the composition of the bacteria in the gut change after BS, and accumu-
lating evidence shows how the bacterial composition can modulate the host immune cell
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population. Thus, there is the possibility that changes in the gut microbiome initiated by
BS can significantly impact the WAT metabolic function by modulating immune-resident
cells in WAT [213,214]. Finally, as BS has demonstrated effects on the central regulation of
metabolism, potential changes in neural enervation to the WAT may mediate physiological
changes after BS, as results in mice suggest [215].

Lastly, recent studies have indicated significant alterations in the expression of several
putative adipose tissue-derived microRNAs (miRNAs) after BS [216]. Thus, 1 y after BS,
Sangiao-Alvarellos et al. reported raised circulating levels of miR-221 and miR-222 [190],
and as early as 21 days post-RYGB, Atkin et al. found modulated levels of seven miRNAs
(miR-7-5p, let-7f-5p, miR-15b-5p, let-7i-5p, miR-320c, miR-205-5p, and miR-335-5p) [189],
mostly related with diabetes and insulin resistance pathways. Regarding SAT expression,
Ortega and collaborators identified 12 modulated miRNAs 2 y after BS, some of them
previously found raised in mature adipocytes after inflammatory stimulation (such as miR-
146b, miR-376c, and again miR-221) [194], while another study from the same group found
significant modifications in 15 mature miRNAs, mostly related to cell cycle, metabolism,
and inflammation pathways, in women who underwent RYGB [191].

5. Future Perspectives

Better understanding of the fascinating biology of WAT following BS deserves further
investigation. Evaluation of the modifications of WAT biology associated not only with
time elapsed after surgery but also with the amount of weight loss is a priority. Studies
should help us better understand the relationship between shrinkage in WAT volume and
improved WAT function with the health benefits of BS. The health burden associated with
a particular BMI in subjects with a weight-reduced state following BS appears to be eased
as compared to that in subjects with comparable BMI that have not undergone BS. Thus,
future studies should help disentangle how BS helps restore the crosstalk between the
different components of the WAT as well as the crosstalk between WAT and other organs.
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Abstract: Bariatric surgery may alter the absorption and overall bioavailability of oral drugs. Lamot-
rigine is a major antiepileptic and mood stabilizer, that its use after bariatric surgery has not yet been
studied. In this article, we provide a thorough mechanistic analysis of the effects of bariatric surgery
on multiple mechanisms important for the absorption, bioavailability and overall pharmacokinetics
of lamotrigine. Attributable to its pharmacokinetic properties and drug characteristics, the use
of lamotrigine after bariatric surgery may be challenging. The complex situation in which some
mechanisms may lead to increased drug exposure (e.g., decreased metabolism, weight loss) while
others to its decrease (e.g., hampered dissolution/solubility, decreased gastric volume), may result
in lowered, unchanged, or enhanced lamotrigine plasma levels after the surgery. We conclude with
a set of clinical recommendations for lamotrigine treatment after bariatric surgery, aiming to allow
better patient care, and emphasizing the extra caution that needs to be taken with these patients.

Keywords: anticonvulsant; pharmacotherapy; oral drug absorption; epilepsy; metabolic surgery

1. Introduction

Bariatric surgery is an effective long-term treatment for severe obesity and comorbidi-
ties [1]. Quite a few short- and long-term risks, though, pose a concern among clinicians
and patients [2]. One of the least discussed complications of bariatric surgery involves al-
tered oral drug absorption and bioavailability, potentially leading to efficacy/safety issues
of various orally administered medications [3,4]. A few bariatric procedures are commonly
available worldwide, including sleeve gastrectomy, some variations of gastric bypass surg-
eries, notably Roux-en-Y gastric bypass (RYGB) and the newer one-anastomosis gastric
bypass (OAGB), and more; and while each procedure is unique in the gastrointestinal
anatomic changes that it brings and despite the fact that literature data is mainly available
on RYGB, all of these procedures may affect oral drug pharmacokinetics [5–9], with clini-
cally significant ramifications. Until recently, the literature in this field was mainly limited
to case reports and small studies. Nowadays, larger clinical trials are more common [3],
however, much is still unknown regarding the different variables and mechanisms that
determine the overall drug exposure following the bariatric surgery [10].

Epilepsy is a serious neurological condition requiring appropriately dosed, chronic
medication treatment to allow controlled and seizure-free disease. Due to this reason,
therapeutic drug monitoring is a common practice with some anticonvulsants [11]. In the
context of bariatric surgery, these orally administered drugs may require extra care due
to possible alterations in the mechanisms responsible for their absorption and disposition
in the body [12]. In fact, some of these mechanisms are associated with increased drug
exposure, while others may lead to decreased plasma drug levels [13].
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Lamotrigine is a major weight neutral [14] anticonvulsant and mood stabilizer, and
is among the most common medications in the US and around the world, frequently
prescribed among patients with obesity, both before and after bariatric surgery. Yet, various
drug characteristics make lamotrigine use challenging after these operations.

In this communication, we provide a clinically relevant analysis of the important
mechanisms related to lamotrigine absorption and bioavailability after bariatric surgery.
This analysis should expose clinicians and pharmacologists to the many variables involved
in the complex issue of pharmacokinetics and pharmacotherapy of patients after bariatric
surgery, aiming for better patient-centered care.

2. Lamotrigine Pharmacokinetics

2.1. Drug Characteristics

Lamotrigine belongs to class II of the biopharmaceutical classification system [15], as it
is a low solubility and high permeability drug. Lamotrigine is a weak base (pKa = 5.7) [16],
thus exhibiting pH-dependent aqueous solubility. In water at 25 ◦C, lamotrigine solubility
is only 0.2 mg/mL. The drug is lipophilic, with logP of around 2 [17].

2.2. Absorption and Bioavailability of the Drug

Lamotrigine is rapidly and completely absorbed upon oral administration of an
immediate-release dosage form, reaching maximal plasma concentration after around 3 h
post-dose and systemic bioavailability of ~100%. Food has no effect on its absorption.
Lamotrigine undergoes extensive metabolism to inactive glucuronide metabolites by the
uridine 5′-diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase, UGT) family
of enzymes. It does not undergo enterohepatic recirculation. The elimination half-life of the
drug after monotherapy among healthy volunteers and epileptic patients ranges widely
and depends on use of concomitant antiepileptics, with glucuronidation inducing drugs,
such as phenytoin, phenobarbital or carbamazepine, reducing the elimination half-life, and
inhibitors such as valproic acid increasing it [18]. Lamotrigine dose varies with indication
and age, and the therapeutic window is normally between 2.5 to 15 μg/mL [19].

2.3. Absorption Issues after Bariatric Surgery

Several unique drug characteristics of lamotrigine may predispose it to potential
absorption issues following bariatric surgery. First of all, lamotrigine is a weak base with
pH-dependent solubility. After the surgery, about 80% of the stomach is removed, including
significant portion of the parietal cells, increasing the gastric pH from ~1.8 to around 6.5
after OAGB [20]. This increased gastric pH following the resection of the stomach during
the bariatric procedure is expected to severely hinder the dissolution of the lamotrigine
dose. Additionally, the surgery involves a great decrease in stomach volume, which means
that there is less fluid available to dissolve the drug dose. Shortly after the surgery, the
patient may only be able to drink a few milliliters of water upon drug administration,
further limiting the dissolution of the drug dose. Additionally, after the surgery, stomach
motility may be hindered [21], potentially leading to hampered disintegration of the drug
product and decreased dissolution of the drug dose [20].

In cases of highly lipophilic drugs, decreased bile secretion after bypass surgeries may
lead to problems with their solubilization [22]. Since lamotrigine is moderately (but not
highly) lipophilic, this mechanism may or may not play a significant role in its absorption.

Importantly, since only dissolved drug is able to permeate via the enterocytes and
reach the systemic circulation, hampered absorption of the drug may also be expected
following the surgery. To note, the stomach pH is increased more significantly after gastric
bypass than after sleeve gastrectomy (about 6.5 vs. 5, respectively), so absorption problems
of lamotrigine may be especially severe after bypass procedures in particular [20]. Addi-
tionally, in bypass surgeries the duodenum and proximal jejunum are bypassed, shortening
the remaining small intestine surface area and transit time available for absorption; for
many drugs, and lamotrigine included, this decreased transit time throughout the small in-
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testine may hamper the overall absorption of the drug. As for active transporter-mediated
permeation, depending on the expression level of the relevant transporter in the bypassed
intestinal segment, bypass surgeries may result in lower exposure of the drug to these
transporters. Publications in the literature report that lamotrigine is subjected to both influx
and efflux transporters, with unclear clinical impact [23,24]. It is likely that transporters
have limited on lamotrigine absorption, so this mechanism does not significantly alter the
overall exposure of lamotrigine.

2.4. Distribution Issues after Bariatric Surgery

Following bariatric surgery, great weight loss is often achieved shortly after the
procedure. In addition, the patient loses fat tissue, and for lipophilic agents such as
lamotrigine, this may lead to more drug remaining in the central compartment and not
going to periphery, thus increasing the plasma levels of the drug, and making it available
for central nervous system penetration, from where it exerts its therapeutic effect [25].

2.5. Metabolism Issues after Bariatric Surgery

As mentioned, lamotrigine undergoes extensive phase II metabolism to glucuronide
metabolites. Importantly, it was shown that glucuronidation is enhances in obesity and
decreased after bariatric surgery [26]. This phenomenon was approved in the cases of
morphine and acetaminophen, both prototypical substrates for glucuronidation with
decreased metabolism after surgery and high parent drug levels [27,28]. This may also be
the case upon post-bariatric lamotrigine therapy. In fact, bodyweight in general, was found
to be the most significant covariate on lamotrigine clearance, explained by correlation
between the size of the excreting organ and bodyweight [29].

2.6. Excretion Issues after Bariatric Surgery

While lamotrigine is mainly eliminated via hepatic glucuronidation, decreased renal
function was found to correlate with decreased lamotrigine clearance [29]. Meanwhile,
while debatable, recent publications report potentially improved renal function shortly after
bariatric surgery in patients with chronic kidney disease (CKD) [30–32]. Hence, among
patients with CKD in the first year following the surgery, improved kidney function may
contribute to overall decreased lamotrigine levels.

2.7. Summary of the Mechanistic Analysis

In this section, we provided several different mechanisms by which bariatric surgery
may alter the disposition of lamotrigine. Notably, some of these mechanisms support
increased drug levels after (vs. before) the surgery, while others may be responsible for
decreased postoperative drug levels. Thus, high interpatient variability may be witnessed
regarding the effect of the surgery on lamotrigine, with increased, decreased or unchanged
pharmacokinetics are all possible. In addition, given the analysis above, the exact type
of bariatric procedure that the patient undergoes may also play a significant role. Table 1
summarized the proposed mechanisms, dividing them to supporting increase vs. decrease
in lamotrigine levels after the surgery.
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Table 1. Summary of mechanisms involved in increased (↑) or decreased (↓) lamotrigine levels after
gastric bypass or sleeve gastrectomy surgeries. (?) is added if mechanism effects are suspected
or unknown.

The Proposed Mechanism Gastric Bypass Surgery Sleeve Gastrectomy

Smaller gastric volume ↓ ↓
Increased stomach pH ↓↓ ↓

Decreased gastric motility ↓ ↓
Effects on bile secretions ↓? -

Effects on absorption surface area ↓ -
Decreased exposure to carrier proteins ? -

Decreased patient weight and fat tissue ↑ ↑
Decreased metabolism

(glucuronidation)
↑ ↑

Effects on renal clearance ↓? ↓?

3. Discussion

Increased, decreased or unchanged lamotrigine levels after bariatric surgery are all
possible, given the presence of factors influenced by the surgery, that promote increased
drug levels, as well as factors that promote decreased levels. The overall effect of the
surgery may depend on the individual patient characteristics [33,34], such as concomitant
drugs taken, as well as the specific bariatric procedure undergone. In addition, when
two or more altered mechanisms are involved, the magnitude and direction of changes in
lamotrigine pharmacokinetics may vary [35], and while the most dominant mechanism [36]
may dictate the overall trend towards increased or decreased drug levels [37], this dominant
mechanism may be different from patient to patient.

Similar mechanistic analysis should be performed for more drugs [38], and in vitro,
in vivo and in silico models [39] should support this mechanistic approach, producing
more valuable data. The aim of this mechanistic approach is to allow prediction of the
pharmacokinetic changes of a given drug before prescribing it to the post-bariatric patient
and design a tailored treatment plan, hence choosing the most appropriate drug and
dosing regimen.

While each drug is unique in its physicochemical and pharmacokinetic properties,
various drugs share at least some common features with lamotrigine. Many newly discov-
ered drugs have moderate-to-high lipophilicity and low-to-marginal water solubility [40],
so concerns related to decreased stomach and fluid volume after the surgery apply to
these drugs as well. Additionally, drugs with high maximal dose (generally over 100 mg)
are more challenging in this aspect. Some therapeutic classes characterized by high dose
drugs are antiepileptics, antipsychotics, antibacterials, antivirals and nonsteroidal anti-
inflammatory drugs (NSAIDs). Among the drugs with basic functional group, likely to
exhibit decreased solubility after gastrectomy, similarly to lamotrigine, are antipsychotics,
antidepressants, antivirals, antifungals, alpha and beta-blockers, anti-anxiety medications
and oral anticancer agents such as tyrosine kinase inhibitors, and more. Other drugs under-
going glucuronidation as a major metabolic pathway include (but not limited to) morphine,
acetaminophen, lorazepam, mycophenolic acid, valproic acid and olanzapine, and this
may support potential decreased metabolism and consequent increased drug exposure.

Realizing the need for extra care when prescribing to a patient after bariatric surgery
is of importance, given the unpredictable effects of the surgery. While only older antiepilep-
tics are routinely monitored, therapeutic drug monitoring of newer antiepileptics is also
warranted after the surgery [12]. Indeed, lamotrigine should be monitored, both for poten-
tially altered trough plasma drug levels and for clinical signs of safety issues/treatment
failure. For rational management of such cases, recommendations for lamotrigine treatment
after bariatric surgery are provided in the following section.
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4. Clinical Recommendations

In this section we wish to summarize practical considerations for lamotrigine treatment
of patients after bariatric surgery. Periodic therapeutic drug monitoring is important after
the surgery. Especially in the first few months after bariatric surgery, lamotrigine levels
should be checked frequently. Preferably, lamotrigine blood levels can also be measured
shortly before the surgery to discern basal effective levels that should then be aimed after
the operation [12]. Involvement of clinical pharmacists as advisors in the drug treatment is
beneficial for both surgeons and patients.

Immediately after the surgery, the patient should be moved to dispersible tablets or liq-
uid dosage form, or alternatively, should crush their immediate-release tablets and spread
the powder in food/drink prior to ingestion (according to package insert or available com-
pany data). This is especially indicated in cases hampered drug dissolution/disintegration
is likely. It is worthwhile to note that caution should be taken with extended-release dosage
forms because oftentimes they should not be crushed. In case a liquid dosage form is to be
used, it is important to make sure that it does not contain non-absorbable sugars, in light of
the risk for dumping syndrome. In cases drug levels drop after the surgery, gradual dose
increase is, of course, an option. A specific consideration regarding bariatric surgery, may
be to split the daily dose; for instance, if the patient is taking lamotrigine 200 mg once daily,
shifting to 100 mg twice daily may aid to prevent hampered dissolution of the drug dose.
On the other hand, if drug levels are found to be high and/or the patient cannot tolerate
the lamotrigine treatment, dose may have to eventually be gradually decreased. To note,
some of these undesirable situations may be temporary, as adaptation mechanisms may
occur in the months following the surgery, and changes in weight also take place [41].

If lamotrigine treatment is not tolerated or is ineffective, a second antiseizure med-
ication should be added and lamotrigine may be tapered down, if appropriate, only
after the new drug reaches steady state levels [42]. Importantly, some antiepileptics are
glucuronidation inducers (phenytoin, phenobarbital and carbamazepine) or inhibitors
(sodium valproate), so a pharmacokinetic drug-drug interaction may affect lamotrigine
levels. Among the bariatric patients, over 75% are females, and the average age of the oper-
ated patient is 42, so many of these patients are of childbearing potential [43]. Therefore,
while valproate (along with lamotrigine) is a first line anticonvulsant for various different
epileptic disorders, in many bariatric patients, valproate treatment should not be initiated
in case of unsatisfactory lamotrigine treatment following the surgery, due to being highly
teratogenic [42]. Among the other antiepileptic drugs, levetiracetam and topiramate are
less likely to be affected by the bariatric surgery given their physicochemical properties
and pharmacokinetic profiles, and thus may seem attractive if lamotrigine treatment is not
effective/tolerated after surgery [12]. Yet, an alternative/adjuvant drug should be chosen
primarily based on the specific epileptic syndrome of the patient. In addition, topiramate
has less favorable side-effect profile than other alternatives [42]. Alternatively, non-oral
dosage forms can be used at least temporarily, immediately after the surgery. This will
sidestep the unpredictable outcomes of oral drug administering after bariatric surgery.

5. Conclusions

This article shows the complexity of drug treatment after bariatric surgery [44]. Con-
sultation with a clinical pharmacist that specializes in drug therapy after bariatric surgery
is necessary to allow safe and effective drug treatment in these patients. Lamotrigine,
although not routinely monitored compared to other antiepileptic drugs, should be closely
monitored soon after and at least a year following the bariatric surgery.
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Abstract: Introduction: Laparoscopic sleeve gastrectomy is one of the most commonly performed
bariatric procedures worldwide with good results, high patient acceptance, and low complication
rates. The most relevant perioperative complication is the staple line leak. For the treatment of
this complication, endoscopic negative pressure therapy has proven particularly effective. The
correct time to start endoscopic negative pressure therapy has not been the subject of studies to
date. Methods: Twelve patients were included in this retrospective data analysis over three years.
Endoscopic negative pressure therapy was carried out using innovative open pore suction devices.
Patients were treated with simultaneous surgery and endoscopy, so called rendezvous-procedure
(Group A) or solely endoscopically, or in sequence surgically and endoscopically (Group B). Therapy
data of the procedures and outcome measures, including duration of therapy, therapy success, and
change of treatment strategy, were collected and analysed. Results: In each group, six patients
were treated (mean age 52.96 years, 4 males, 8 females). Poor initial clinical situation, time span of
endoscopic negative pressure therapy (Group A 31 days vs. Group B 18 days), and mean length of
hospital stay (Group A 39.5 days vs. Group B 20.17 days) were higher in patients with rendezvous
procedures. One patient in Group B died during the observation time. Discussion: Rendezvous
procedures for patients with staple line leaks after sleeve gastrectomy is indicated for serious ill
patients with perigastric abscesses and in need of laparoscopic lavage. The one-stage complication
management with the rendezvous procedure seems not to result in an obvious advantage in the
further outcome in patients with staple line leaks after laparoscopic sleeve gastrectomy.

Keywords: bariatric surgery; postsurgical complication management; endoscopic negative pres-
sure therapy

1. Introduction

The number of surgeries and metabolic interventions for patients with obesity have
increased worldwide [1,2]. The majority of bariatric interventions are performed surgi-
cally, especially laparoscopically [3,4]. The most common surgery is the laparoscopic
sleeve gastrectomy (LSG) to minimize the volume of the stomach and thus reduce food
intake [5,6]. This surgical intervention is easy to implement, as it does not contain any
anastomose. Surgical complications after sleeve gastrectomy remain challenging, especially
the management of staple line leaks (SLL), which occur in up to 2% of LSG patients [7].
Early diagnosis of SSL is relevant for the further clinical course of the disease, but obese
patients do not present the typical peritonitis picture [8]. Due to the extensive visceral
fat mass, the infection is initially captured and does not spread diffusely. This aspect
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significantly delays the detection of SLL in obese patients [8]. The time of first diagnosis
of SLL determines the further therapeutic procedure. In early SLL re-laparoscopy, lavage
and super sewing of the insufficiency or endoscopic techniques for primary wound closure
can be performed [9,10]. In detected SLL two days after primary surgery super sewing is
not promising. Secondary wound healing techniques, such as endoscopic stent therapy or
endoscopic negative pressure therapy (ENPT), are used in these cases [11].

ENPT is an effective and precious tool in the management of surgical complications
after surgery of the gastrointestinal tract [12]. A drainage wrapped by an open-pore
suction device (OPSD) is placed endoluminal in position of the leak or intracavitary. Via
the drain a negative pressure is applied and causes wound cleansing, defect closure and
tissue granulation [13]. OPSD are used as either a polyurethane sponge connected to a
drain—a so called open-pore polyurethane foam drainage (OPD), or as a thin open-pore
double-layered drainage film (OFD), which is hand-wrapped around a gastric tube14. An
advantage of the OFD is its small outer diameter and its possible use on enteral feeding
tubes for simultaneous enteral feeding and ENPT [14]. See the used OPSD in Figure 1.

Figure 1. Two OPSD types used in this analysis: A = commercially available polyurethane sponge
(Eso-Sponge; BBraun Melsungen, Germany); B = hand wrapped naso-jejunal feeding tube (Trelumina
FREKA, 9 Ch intestinal tube, 16 Ch naso-gastric tube with perforations; Fresenius Kabi Deutschland
GmbH, Bad Homburg, Germany) wrapping with cut to size CNP®-film (Suprasorb CNP® Drainage
Film; Lohmann & Rauscher International GmbH & Co. KG, Rengsdorf, Germany), fixation with
suture (Mersilene®, Polyester, 4 Ph. Eur; Ethicon—Johnson & Johnson Medical N.V., Belgium).
* = closed venting tube.

The diagnostic gold standard in patients after LSG suspected for SLL is the immediate
performance of sectional imaging [15]. In cases of suspected SLL with a small number
of air bubbles in the position of Hiss’ ankle, ENPT can lead to healing as a stand-alone
therapy. When big fluid and pus collections outside the gastric lumen are visible in the CT
scan, laparoscopic or radiological interventional drainage is necessary [16].

Combined surgical and endoscopic treatment, known as rendezvous procedure, is
used to reduce the number of examinations under general anaesthesia for these critical
ill patients. This rendezvous procedure requires increased staffing on the part of the
endoscopy department. The benefits of the rendezvous procedure are currently not proven
by studies.

2. Materials and Methods

2.1. Study Design

The local Institutional Review Board approved this study (IRB number: 464/2021BO2).
All patients treated in the time between February 2018 and March 2021 using ENPT for
SLL after LSG were considered for inclusion in this study, given the following criteria were
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fulfilled: confirmed diagnosis of SLL and treatment for the complication at our department.
Exclusion criteria were treatment without ENPT and treatment of staple line leak outside
our hospital. Informed consent was obtained from all individual participants. The focus of
this analysis is postoperative complication management, so it included patients who had
been operated on in another hospital.

2.2. Rendezvous Procedure

During re-laparoscopy for SLL in LSG patients, an endoscopic team consisting of a
doctor and a nurse join in the operating room. During endoscopic diagnostic and placement
of an OPSD, surgeons perform laparoscopy. The direct visualization of the perforation by
air leakage is possible for the surgeon and the endoscopist. The application of the OPSD is
carried out in the same way as described below.

2.3. One- or Two-Stage Approach

Endoscopic staff team examine the obese patient with suspected or diagnosed SLL
after LSG prior or after the secondary surgery. Depending on the clinical course, patients
can also be treated exclusively endoscopically. The application of the OPSD is carried out
in the same way as described below.

2.4. Application of the OPSD

The first diagnostic and therapeutic endoscopy for SSL were realized in endotracheal
intubation anaesthesia in all included cases. In the majority of cases an OFD was hand-
made, as described elsewhere [14,16], by wrapping a very thin open-pore double-layered
drainage film (Suprasorb CNP, Drainage Film; Lohmann & Rauscher International GmbH
& Co. KG, Rengsdorf, Germany) on the gastric segment of a nasojejunal feeding tube
(Freka Trelumina, Fresenius Kabi Deutschland GmbH, Bad Homburg Germany). Sutures
(Mersilene, Polyester, 4 Ph. Eur., Ethicon, Norderstedt, Germany) were used for the fixation
of drainage film around the tube. The OFD device was placed endoluminal in the gastric
sleeve and was manufactured to cover the leak area with an overlap of the healthy stale
line sector by 2 cm at minimum to the proximal and distal direction. The distal segment
of the tube was used for enteral feeding. The OFD was guide wired pushed through the
lumen.

In one case, with a perforation size of more than 2 cm, the primary OPSD was an OPD.
We used the commercially available product ESO-Sponge System (BBraun Melsungen AG,
Melsungen, Germany). This was positioned using the loop technique, in which a loop
(Mersilene, Polyester, 4 Ph. Eur; Ethicon, Norderstedt, Germany) was fixed at the distal end
of the drainage sponge, gripped with an endoscopic grasper, then placed under endoscopic
view.

Drains of the OPSD were oro-nasal redirected and fixed with plasters. After placement
of the OPSD drains were connected to an electric vacuum pump (KCI V.A.C. Freedom; KCI
USA Inc., San Antonio, TX, USA) and a continuous vacuum of −125 mmHg was generated.

2.5. Follow-Up Procedures

According to the clinical course and the individual risk of the patients, the follow-up
examinations were mostly performed under sedation and only rarely under intubation
anaesthesia. A diagnostic endoscopy was performed following the removal of the OPSD.
Whenever possible, re-endoscopy was performed after 5–7 days in cases treated with OFD
and 3–5 days using OPD. In the case of persisting leak or in the case of uncertainty, an
OPSD was reinserted, and treatment was continued.

2.6. Data Analysis

Analysis was performed using SPSS v. 24.0.0.1 (IBM, Armonk, NY, USA). Data were
presented as means ± SD. Mann–Whitney U test was performed for comparing means
when necessary.
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3. Results

Twelve patients with SLL following LGS were included in this trial. In the observed
time span, in sum, 389 patients with obesity were treated with LGS at our centre. The
inhouse SSL-rate was 1.54%. Three patients were operated in other hospitals. Patients with
SSL were included for the analysis and were divided into two groups:

Group A: patients treated for SSL by rendezvous procedures and
Group B: patients treated for SSL solely endoscopically or in sequence surgically and

endoscopically.
The patient characteristics are shown in Table 1. In Group A, there were three patients

included with complications after LGS operated in other hospitals. No patients from other
hospitals were listed in Group B. The gender distribution in both groups differed, with
more males in Group A. The other preoperative data were the same in both groups.

Table 1. Characteristics in patients with (Group A) or without (Group B) rendezvous procedure.

Group A (n = 6) Group B (n = 6)

Number of male sexes 3 1 n.s.
Mean Age (years) 53.17 52.67 n.s.

Mean BMI (kg/m2) 50.37 53.17 n.s.
Mean primary diagnosis of SLL (days after surgery) 8 15 n.s.

Number of detected perigastric abscesses in CT imaging 6 2 n.s.
Mean CRP (mg/dL) 27.09 24.74 n.s.

Mean White Blood Cells (μg/dL) 16,713 12,483 n.s.
Abbreviations: SLL—staple line leaks; CRP—C-reactive protein; n.s.—not significant.

On average, SLL was suspected earlier in Group A than in Group B, although there
was considerable variation in both groups.

The treatment characteristics are shown in Table 2. At the time of diagnosis of staple
line leaks, patients in Group A were characterized by more severe infection and, in some
cases, sepsis. In six patients of Group A and two patients of Group B, peri-gastric abscesses
were detected. In the intensive care unit, four patients in Group A and two patients in
Group B were treated. Time span of ENPT, number of changes of the negative-pressure
devices, length of hospital stays and time span of treatment on ICU differed significantly
in both groups with longer therapy time in Group A.

Table 2. Treatment characteristics in patients with (Group A) or without (Group B) rendezvous
procedure.

Group A (n = 6) Group B (n = 6)

Mean duration on ICU (days) 6 5 n.s.
Mean number of endoscopic interventions

-OFD 6 5 n.s.
-OPD 0 1

Mean number of OPSD changes 5 5 n.s.
Mean duration of ENPT (days) 31 18 n.s.
Mean duration of hospital stay 39.5 20.17 0.047
Number of deceased patients 0 1

Abbreviations: OFD—open-pore film drainage; OPD—open-pore polyurethane sponge drainage; n.s.—not
significant; ENPT—endoscopic negative pressure therapy.

All patients in Group A underwent re-operation at least once. In Group B, surgery
was performed in two patients. The other patients in Group B were successfully treated by
ENPT solely.

In one patient of Group B OPSD dislocated, accidentally. No further therapy-associated
complications occurred. No case of postoperative stricture was seen.

SLL-therapy was successful in 11/12 patients. One patient in Group B already had
extensive cardiomyopathy prior to bariatric surgery and did not recover under therapeutic
measures. This patient died due to septic organ failure.
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All patients in Group A underwent re-operation at least once. In Group B surgery
was performed in two patients. The other patients in Group B were successfully treated by
ENPT solely.

In one patient of Group B, OPSD dislocated accidentally. No further therapy-associated
complications occurred. No case of postoperative stricture was seen.

4. Discussion

SLL after LGS is a rare but life-threatening complication [1,2]. Patients with obesity
often have pre-existing cardiovascular and pulmonary disease and undergo bariatric
surgery in a compromised starting condition [3]. In cases of SLL local inflammation is
often not detected early because of the high amount of visceral fat, which result in occult
peritonitis without typical pain symptoms [4]. Furthermore, the longer an abdominal focus
of infection persists untreated, the higher the risk for systemic inflammatory re-emergence
in the sense of sepsis.

In this analysis, the time of clinical suspected SLL was in Mean on the twelfth post-
operative day. Most patients presented with fever, abdominal pain, and high elevated
inflammatory markers. In SLL, detection after more than 48 h after the bariatric surgery
primary wound closure is not sufficient in most cases.

A CT scan is the gold standard in case of suspected SLL after LGS [5]. Depending on
the imaging findings, the extent of inflammation, and the presence of an intra-abdominal
abscess, the indication for re-laparoscopy for lavage and drainage is given [2].

If intra-abdominal abscesses are found, treatment with stent or clip closure of the
perforation or fistula is not sufficient. The abdominal focus must be additionally drained
radiologically or surgically. The drainage of secretions through an internal drainage by
implantation of a double-pigtail-drainage to endoluminal can lead to a successful healing
of the insufficiency in up to 78% according to the study results [6,7]. One of the reasons
for the better outcome of patients in Group B is caused by the included patients without
intra-abdominal abscesses in this group. Patients were less severely ill at the time point of
diagnosis of SLL in Group B compared to Group A.

The ENPT is based on an OPSD (e.g., polyurethane sponge), which is either endo-
luminally inserted at the stage of the leakage or intracavitary placed into the resulting
insufficiency cavity. The open-pore element is fixed to a drainage with perforations, which
is connected to a vacuum source. The negative pressure acts through the pores on the
surrounding tissue and results in a continuous drainage of secretions, cell-detritus and
bacteria, the suction induces tissue proliferation, and a decreased wound size [8–10].

ENPT is also known under the synonyms E-VAC and EVT. For ENPT as primary
endoscopic procedure for leakages after bariatric surgery, possibly in combination with
laparoscopy; three studies are currently available with a cumulative success rate of 90.27%
in a total of 31 patients. In addition, there are numerous case reports and studies, some
of which deal with the combined use of ENPT with stent procedures as first and second
line therapy. An alternative closure of leakage after bariatric surgery can be successfully
performed with OTSC as first or second line therapy with good results up to closure
rates of 86.3% [11,12]. The most frequently performed endoscopic therapy for leakages
after bariatric surgery worldwide is the stent therapy [1,13,14]. A challenge is the stent
fixation in bariatric patients. Stent dislocation is the most common complication of this
type of therapy [15]. Special bariatric stents with a big outer diameter and bulbs have
been developed [16]. Because of a high dislocation rate and good results of the ENPT we
changed our concept of stent-based treatment of SLL to ENPT in 2016.

In centres that specialize in the treatment of bariatric patients and have round-the-
clock endoscopy, the rendezvous procedure is easy to implement. The concept of the
rendezvous procedure is to apply a one-stage combined internal and external drainage of
the abscess during one examination with endotracheal intubation to avoid reintubation
and septic episodes. Especially, in patients with small leaks, a reliable identification of the
leak can be made by the combined laparoscopic and endoscopic procedure.
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One patient died because of septic multiorgan failure. This patient with obesity
suffered pre-operatively on relevant cardiomyopathy. It must be assumed that the septic
shock was so stressful for him that, despite intensive therapeutic measures, the progressive
organ failure could no longer be stopped. This case impressively demonstrates that patients
with bariatric surgery often suffer from significant systemic diseases and that postoperative
complications quickly lead to fulminant organ failure.

The rendezvous procedure is associated with a high level of personnel effort. We
wanted to use a retrospective analysis to investigate whether there is an advantage for
patients who have been treated by means of a rendezvous procedure. Obese patients with
SLL often require intensive care and continuation of invasive ventilation. Alternatively, to
the rendezvous procedure, patients can be managed in two stages, undergoing surgery
or endoscopy first and the second procedure in close interval. In summary, our analysis
shows that in patients with septic complications after bariatric surgery with indication for
re-laparoscopy, a simultaneous endoscopy with application of an OPSD for ENPT can be
advantageous. However, a significant benefit for the rendezvous procedure is missing. The
series is retrospective with a small number of cases and too time-scattered to draw any
significant conclusions. A prospective series is to be preferred, given the low incidence of
SLL complications.

5. Conclusions

We believe that a one- or two-step procedure with surgical and endoscopically in-
terventions in short intervals can be applied as well. In patients without the need of
re-laparoscopy, ENPT is an effective treatment tool as stand-alone interventional therapy.
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Abstract: The prevalence of non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohep-
atitis (NASH) has considerably increased over the last years. NAFLD is currently the most common
cause of chronic liver disease in the developing world. The diagnosis of NAFLD/NASH is often
incidental, as the early-stage of disease is frequently free of symptoms. Most patients recognized
with NAFLD have severe obesity and other obesity-related disease such as type 2 diabetes mellitus
(T2DM), insulin-resistance, dyslipidemia and hypertension. The only proven method for NAFLD
improvement and resolution is weight loss. Bariatric surgery leads to significant and long-term
weight loss as well as improvement of coexisting diseases. There is a lot of evidence suggesting that
metabolic/bariatric surgery is an effective method of NAFLD treatment that leads to reduction in
steatosis, hepatic inflammation and fibrosis. However, there is still a need to perform long-term
studies in order to determine the role of bariatric surgery as a treatment option for NAFLD and NASH.
This review discusses current evidence about epidemiology, pathogenesis and treatment options
for NAFLD including bariatric/metabolic surgery and its effect on improvement and resolution
of NAFLD.

Keywords: non-alcoholic fatty liver disease; non-alcoholic steatohepatitis; obesity; bariatric surgery;
laparoscopic sleeve gastrectomy; Roux-en-Y gastric bypass

1. Introduction

Unhealthy lifestyle and dietary habits have contributed to an alarming increase in
obesity and obesity-related diseases worldwide. The epidemic of obesity has led to a
significant increase in the prevalence of non-alcoholic fatty liver disease (NAFLD). The
prevalence of NAFLD is 25–30% of the general population and 50–90% in patients with
obesity [1,2]. A recent report estimates the constant increase in the prevalence of NAFLD
by the year 2030 with significant rise in hepatocellular carcinoma (HCC) and liver-related
deaths [3]. NAFLD is the initial, uncomplicated medical condition that may lead to
end-stage liver disease from non-alcoholic simple steatosis and steatohepatitis (NASH)
to fibrosis and liver cirrhosis with its clinical consequences such as: variceal bleeding,
ascites, renal failure, encephalopathy and spontaneous bacterial peritonitis [4,5]. Data from
the European Liver Transplant Registry (ELTR) and United Network for Organ Sharing
(UNOS) show that NAFLD and NASH have been the most rapidly growing indication
for liver transplant within the last 20 years. Additionally, NAFLD is presently the most
frequent non-viral hepatitis-related indication for liver transplant among adults in the
United States [6,7].

NAFLD is frequently recognized as the hepatic manifestation of metabolic syndrome
(MS) and remains in close association with components of MS that include increased fasting
plasma glucose level and type 2 diabetes mellitus (T2DM), increased waist circumference,
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hypertension and dyslipidemia [8,9]. Recent studies have shown that over 80% of patients
undergoing bariatric surgery have been diagnosed with NAFLD or NASH [10,11].

Bariatric/metabolic surgery is an effective treatment for morbid obesity that provides
sustained and considerable weight loss with the improvement of obesity-related diseases.
Reduction in body weight induced by bariatric surgery leads to potential decrease in
hepatic inflammation, fat accumulation and fibrosis [12]. In the forthcoming sections of this
review, we provide the information about pathogenesis, diagnosis and potential treatment
options including conservative, pharmacological and bariatric surgery procedures for
NAFLD according to the available literature.

2. Epidemiology

A systematic review conducted by Younossi et al. estimated the pooled, overall global
prevalence of NAFLD diagnosed by imaging to be 25.24% (95% confidence interval (CI):
22.10–28.65). Their study reported the highest prevalence of NAFLD in South America
(30.4%) and the Middle East (31.8%), whereas the lowest rate was reported in Africa (13.5%).
The prevalences of NAFLD among patients diagnosed by blood test were 13.00% (95% CI:
4.44–32.47) for Europe, 12.89% (95% CI: 8.32–19.44) for North America, and 9.26% (95%
CI: 7.07–12.05) for Asia [13]. According to Cholangitas et al., pooled NAFLD prevalence
was 26.9% in the adult European population. Pooled NAFLD prevalence was higher in
men than in women (32.8% vs. 19.6%). There were no differences between Mediterranean
and non-Mediterranean countries. The pooled prevalence of NAFLD was higher in studies
using ultrasonography and fatty liver index (FLI) for NAFLD diagnosis (27.2% and 30.1%,
respectively) [14]. Current trends in dietary habits and preponderance of sedentary lifestyle
contribute to the constant growth in the incidence of NAFLD worldwide. The National
Health and Nutrition Examination Surveys data demonstrated a rise in the prevalence of
NAFLD in the US from 5.5% (1988–1994) to 11% (2005–2008) [8], as it is estimated that the
epidemic of obesity will continue to fuel the burden of NAFLD.

3. Pathogenesis of NAFLD

The pathogenesis of NAFLD is multifactorial; however, its understanding is crucial
for the proper therapeutic interventions. A two-hit model of NAFLD development was
proposed with the first hit consisting of hepatic steatosis, which then sensitizes the liver
to injury mediated by “second hits” including: inflammatory cytokines, adipokines and
oxidative stress leading to steatohepatitis and fibrosis [15]. This two-hit model has lost
some favor, as it turned out too simplistic to fully describe the evolution of NAFLD, as
different factors affecting disease development and progression were unveiled. Nowadays,
the two-hit hypothesis was replaced with the “multiple hit” theory, which recognizes
the following components in NAFLD pathophysiology: insulin resistance, obesity, gut
microbiota, environmental and genetic factors. The key concept of NAFLD pathogenesis is
excessive triglycerides hepatic accumulation as a result of imbalance between free fatty
acids influx and efflux [16]. Excessive hepatic fat accumulation occurs in patients with
obesity and T2DM, who have impaired insulin signaling. Insulin resistance leads to an
uncontrolled lipolysis in adipose tissue that results in significant deposition of nonesterified
free fatty acids (NFFA) in the liver [17]. Other factors contributing to excessive hepatic fat
accumulation are dietary fats and de novo lipogenesis. Among dietary factors, fructose
seems to have an important role, as it is both a substrate and an inducer for de novo hepatic
lipogenesis [18]. The excessive inflow of triglycerides to the liver leads to inflammation,
reactive oxygen species (ROS) formation, hepatocyte impaired function and lipotoxicity.
Hepatocellular cells injury activates apoptotic pathways causing cellular death. This
results in the progression from noninflammatory isolated steatosis to the development of
nonalcoholic steatohepatitis with a risk of further evolution to fibrosis, cirrhosis and at
worst to the development of hepatocellular carcinoma [19,20].

Available research shows that gut microbiota is also associated with the development
of NAFLD and NASH [21,22]. The imbalance between protective and harmful bacteria,
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damage of intestinal barrier and disturbed immune response cause that bacterial products
reach the liver through the portal vein and activate pathways responsible for proinflam-
matory response. Additionally, microbiota dysbiosis increases lipoprotein lipase activity
and triglycerides accumulation by either decreasing choline levels or increasing methy-
lamine level, which promotes development of NAFLD [23]. Damage of intestinal epithelial
membrane leads to an impaired transport across the mucosa. Rahman et al. proved that
compromised intestinal epithelial permeability contributes to development of NAFLD.
The above-mentioned study showed that mice with defects or loss of junctional adhesion
molecule A (JAM-A) in intestinal epithelial membrane develop more severe steatohepatitis
after a diet high in saturated fat, fructose and cholesterol for 8 weeks. They also found
out that colon tissue from patients with NAFLD has lower level of JAM-A and higher
inflammation status as compared to patients without NAFLD [24]. Significant changes in
gut microbiota are reported after bariatric surgery. Possible mechanisms for the intesti-
nal microbiota changes include reduction in body weight, changes in food consumption,
changes in ghrelin and leptin secretion and alternations in stomach pH [25,26].

Genes also have a role in the development of NAFLD. It has been discovered that ge-
netic polymorphism can influence the NAFLD development and progression by variability
in oxidative stress, inflammation and FFAs accumulation. The main genetic determinant of
interindividual differences in hepatic fat content is nonsynonymous variant of patatin-like
phospholipase 3 (PNPLA3) gene (rs738409 C/G, I148M), also known as adiponutrion [27].
The PNPLA3 variant has impaired hydrolysis activity and is less available for degradation,
which leads to retention in of TG and polyunsaturated fatty acids priming accumulation of
hepatic fat [28]. Another relevant genetic variant related to progressive NAFLD is the trans-
membrane 6 superfamily member 2 (TM6SF2), which is responsible for lipid retention and
impairment of very low-density lipoprotein (VLDL) release by liver [29]. Loss of function
in rs1260326 variant in the GCKR gene is also associated with increased TG concentration,
steatosis and liver damage [30]. The understanding of possible nutrigenomic approaches
may lead to improvement of NAFLD management and introduction of proper therapeutic
strategy Figure 1.

Figure 1. Pathogenesis of NAFLD.

4. Diagnosis of NAFLD

NAFLD is defined as an excessive accumulation of triglycerides in hepatocytes ei-
ther by imaging or histology, simultaneously with exclusion of any significant alcohol
consumption and other liver diseases [31]. Mildly elevated serum aminotransferases are
the primary abnormality in NASH, although they may remain at normal level in up to
80% of patients. The alanine transaminase (ALT) level is generally higher than that of
aspartate aminotransferase (AST). Other common findings in blood examination include
high serum triglyceride and low HDL cholesterol level. With the development of the
disease hypoalbuminemia, hyperbilirubinemia and thrombocytopenia may occur due to
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progression of liver injury [32]. Ultrasound is a non-invasive and widely available tool for
the diagnosis of NAFLD. Characteristic sonographic findings for NAFLD include hetero-
geneity of liver; thick subcutaneous depth (>2 cm); quick attenuation of image 4–5 cm of
depth, making deeper structures difficult to decipher, and; dispersion of echogenicity [33].
However, the use of ultrasound is very limited in patients with overweight and obesity
due to excessive subcutaneous fat accumulation. The assessment of liver fibrosis without
histological examination can be made by a combination of serological and imaging tests.
There are several scoring systems used to estimate liver fibrosis without performing liver
biopsy. NAFLD fibrosis score (NFS) is calculated based on following measurements: age,
BMI, glucose blood concentration, platelet count, albumin serum level and AST/ALT ratio.
Another one is the BARD score, which is composed of 3 variables: ALT/AST ratio, BMI
and the presence of diabetes. BARD score of 0 or 1 are of high (96%) negative predictive
value (NPV) for advanced fibrosis [34]. The AASSLD guidelines suggest the use of NFS or
APRI score as non-invasive tools for clinical diagnosis. It is worth mentioning that NFS
was developed as a scoring system for usage in patients with NAFLD [35]. The available
ways to estimate liver fibrosis together with measured parameters are listed in Table 1 [36].

Table 1. Noninvasive assessment of liver fibrosis based on biochemical parameters.

Name of Scoring System Used Measures

NAFLD fibrosis score (NFS) Age, blood glucose level, BMI, platelet count,
albumin, AST/ALT ratio

APRI score aspartate aminotransferase to platelet ratio index
BAAT score BMI, age, ALT, triglyceride level
BARD score BMI, AST/ALT ratio, presence/absence of diabetes

Enhanced liver fibrosis (ELF)
index

Plasma level of hyaluronic acid (HA), tissue
inhibitor of metalloproteinase (TIMP-1),

procollagen III amino terminal peptide (PIIINP)

Hepascore Bilirubin, gamma-glutamyl transpeptidase
(γ-GTP), α2-macroglobulin, hyaluronic acid levels

FIBROSpect hyaluronic acid, TIMP-1 and α2-macroglobulin

Fibrometer prothrombin index, platelet count, AST, urea,
α2-macroglobulin, hyaluronic acid

NashTest
age, sex, height, weight, serum triglycerides,

cholesterol, α2-macroglobulin, apolipoprotein A1,
haptoglobin, γ-GTP, ALT, AST, total bilirubin

Magnetic resonance imaging (MRI) is a non-invasive method widely accepted by
patients and doctors, and may be used as an alternative to liver biopsy in assessment of
hepatic fat content [37]. Several studies have shown that magnetic resonance elastogra-
phy (MRE) is a diagnostic tool for prediction of hepatic fibrosis stage in NAFLD with
sensitivity of 63–87%, and specificity of 81–95% [38]. Another tool is magnetic resonance
imaging-proton density fat fraction (MRI-PDFF), which has high accuracy in detecting
hepatic steatosis and quantifying the degree of steatosis in NAFLD [39]. However, the
gold standard for NAFLD diagnosis remains the percutaneous liver biopsy. Although
liver biopsy is expensive, has increased risk of adverse events and requires professional
interpretation, it should be performed in patients who benefit the most from making the
right diagnosis.

According to the American Association of Liver Disease (AASLD), liver biopsy should
be considered in patients with NAFLD who are at higher risk of steatohepatitis and
advanced fibrosis, including those with diabetes and/or metabolic syndrome. Referral
for liver biopsy should be also considered in patients who have findings of concern for
cirrhosis, such as hypoalbuminemia, thrombocytopenia, AST > ALT and in patients un-
dergoing cholecystectomy or bariatric surgery, when intraoperative biopsy is a low risk
procedure [40]. The main histological characteristics of NAFLD is the accumulation of fat
in the form of triglycerides within hepatocytes. The presence of >5% steatotic hepatocytes

304



J. Clin. Med. 2021, 10, 5721

in a liver tissue is the criteria for the histological definition of NAFLD. In NAFLD, steatosis
is usually macrovesicular, which means that lipid vacuole fills nearly the whole hepatocyte,
and the nucleus is pushed to the side. A simple four-point scoring system that takes into
account only macro- and/or mediovesicualar steatosis and estimates the percentage of
hepatocytes covered with steatosis is used for steatosis grading. Normal liver (grade 0)
contains fat in <5% of hepatocytes; in grade 1, 2, 3 steatotic hepatocytes are present in
<33%, 33–66% and >66% of hepatocytes, respectively, [41]. In the case of NASH histological
diagnosis criteria include steatosis with hepatocellular (usually in the form of ballooning)
and lobular inflammation [42]. There are three scoring systems that are currently used
in grading the histological features of NAFLD/NASH, which are the Brunt system, the
NAFLD Activity Score (NAS) and the Steatosis-Activity-Fibrosis (SAF) System [42–45].
Scoring in individual systems together with scored histological features are presented in
Tables 2–5.

Table 2. Brunt system to grade NASH activity.

Grade

Steatosis
1: ≤33%

2: 33–66%
3: ≥66%

Ballooning
(Zonal Location

and Severity
Recorded)

Inflammation

L-Lobular (0–3)
0: Absent

1: <2 foci/20× field
2: 2–4 foci/20× field
3: >4 foci/20× field

P-Portal (0–3)
0: Absent
1: Mild

2: Moderate
3: Severe

Grade 1 (mild) 1–2 Minimal, zone 3 L = 1–2 P = 0–1
Grade 2 (moderate) 2–3 Present, zone 3 L = 2 P = 1–2

Grade 3 (severe) 2–3
Marked,

predominantly
zone 3

L = 3 P = 1–2

Table 3. Brunt system for staging NASH fibrosis.

Stage Zone 3, Sinusoidal Portal Based Bridging Cirrhosis

1 Focal or extensive 0 0 0
2 Focal or extensive Focal or extensive 0 0
3 Bridging septa Bridging septa + 0
4 ± ± Extensive +

Table 4. The NAFLD Activity Score.

Steatosis Grade (S)
Lobular

Inflammation (L)
Hepatocyte Ballooning (B)

0: <5% 0: none 0: none
1: 5–33% 1: <2 foci/20× field 1: mild, few ballooned cells
2: 34–66% 2: 2–4 foci/20× field 2: moderate-marked, many ballooned

cells3: >66% 3: >4 foci/20× field
Fibrosis (evaluated with Masson trichrome stain)

0 None

1a Mild zone 3 sinusoidal fibrosis
(trichrome stain to be identified)

1b
Moderate zone 3 sinusoidal fibrosis

(could be detected on H&E
examination)

1c Portal fibrosis only

2 Zone 3 sinusoidal fibrosis and
periportal fibrosis

3 Bridging fibrosis
4 Cirrhosis
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Table 5. Steatosis-Activity-Fibrosis (SAF) scoring system of NAFLD.

Steatosis Grade (S): 0–3
(Based on

Percentage of
Hepatocytes with Large

and/or
Medium Size

Intracytoplasmic Lipid)

Lobular
Inflammation: 0–2

Hepatocyte
Ballooning:

0–2

Activity Grade (A):
0–4

(Sum of Score for
Ballooning and

Lobular
Inflammation)

Fibrosis Stage (F)

S0: <5% 0: none 0: none A1 (A = 1): mild
activity

F0: no significant
fibrosis

S1: 5–33% 1: ≤2 foci/20×
field

1: cluster of rounded
hepatocytes with
pale/reticulated

cytoplasm

A2 (A = 2):
moderate
activity

F1:
1a mild zone 3

sinusoidal fibrosis 1b
moderate zone 3

sinusoidal fibrosis 1c
portal fibrosis only

S2: 34–66% 2: >2 foci/20× field

2: same as 1 with
enlarged hepatocytes
(more than twice of

normal size)

A3 and A4
(A > 2): severe activity

F2: zone 3 sinusoidal
fibrosis with periportal

fibrosis

S3: >66% F3: bridging fibrosis
F4: cirrhosis

5. Treatment Options of NAFLD

A considerable amount of research points out strong evidence between NASH and
lifestyle modifications such as: weight loss, dietary changes and physical exercises. It has
been proven that weight reduction by 5 to 10% in individuals with obesity can result with
improvement in all features of NASH, including inflammation and fibrosis [46]. Dietary
changes should include decrease in calorie intake, as well as changes in composition of
a diet that includes reduction of carbohydrate intake (particularly simple carbohydrates,
e.g., sweets, fruit juices, honey, fruits, flavored yoghurts), reduction of dietary fats with
emphasis on saturated and trans fatty acids, increase in protein intake, ensuring supply
of antioxidants, probiotics and prebiotics. Abstinence from alcohol is also recommended
as a lifestyle intervention in NAFLD treatment [47]. However, it is very important to
notice that implementing lifestyle modifications in patients with obesity can be problematic
and usually does not bring the intended results. A study conducted by Dudekula et al.
that aimed to find weight loss predictors in patients with obesity and NAFLD showed
that 66% of research participants experienced weight reduction of less than 5% during
the observation period. Weight loss between 5 to 10% was observed in 12.9% patients
and reduction in body weight >10% was seen only in 6.9% of study participants [48].
Additionally, most individuals with obesity are more likely to regain weight in a short
period of time [49]. The general idea of NAFLD treatment focuses on co-existing diseases
such as obesity, dyslipidemia, insulin resistance and diabetes mellitus.

According to the European Association for the Study of the Liver (EASL) guidelines,
pharmacological therapy should be implemented in patients with progressive NASH
(bridging fibrosis and cirrhosis); early stage NASH with high risk for disease progression
(increased ALT, presence of metabolic syndrome and diabetes mellitus, age >50 years) and
active NASH with high necroinflammatory activities [50]. Pharmacological therapy options
for NAFLD include: antidiabetic drugs, drugs modifying lipid profile, anti-obesity drugs,
vitamin supplementation and novel therapeutic treatment that includes interference with
inflammatory, fibrotic and apoptotic pathways. Among antidiabetics drugs pioglitazone,
glucagon-like-peptide (GLP-1) analogues and liraglutide were found to be effective in
NAFLD/NASH treatment. Pioglitazone was shown to significantly improve steatosis and
inflammation, together with systemic and adipose- tissue resistance in one-year observa-
tion in patients with T2DM [51]. Research conducted by Bril et al. confirmed reduction of
liver fibrosis and increase in adipose tissues insulin sensitivity. However, the effect was
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significantly greater in patients with type 2 diabetes than in patients with prediabetes [52].
Liraglutide is a long-acting GLP-1 agonist that improves key metabolic risk factors: weight,
body mass index and glucose level. Besides its metabolic improvement, liraglutide was
found to significantly improve liver steatosis in NAFLD patients by downregulating the
expression of inflammatory mediators in the TNF-α signaling pathway [53,54]. Addi-
tionally, liraglutide affects the renin-angiotensin system (RAS), which is overactivated
during NAFLD. Liraglutide was found to down regulate the ACE/Ang II/AT1R axis and
antagonizes hepatocellular steatosis [55].

In the case of metformin, which is commonly used in prediabetes and diabetes treat-
ment, no strong evidence for histological response was found in NAFLD patients [56].
Despite the fact that metformin has no specific influence on liver histology, it is recom-
mended in NAFLD/NASH patients with T2DM due to its pleiotropic effect including
reduction in body mass, and decrease in ALT activity and improvement of cardiovascular
system [57]. Furthermore, a recent animal study conducted by Brandt et al. suggests that
metformin has a protective effect on the development of NAFLD, which results from a pro-
tection against intestinal barrier impairment, e.g., loss of tight junction proteins. Metformin
also alters intestinal microbiota composition in the proximal small intestine, which has a
beneficial effect on steatosis development [58].

Vitamin supplementation has been also found to have its role in NAFLD treatment.
Vitamins with antioxidant properties, such as Vitamin C and E decrease the oxidative
stress that is seen in patients with NAFLD and NASH. Additionally, Vitamin E has anti-
inflammatory and anti-apoptotic properties that can retard the fibrosis process and prevent
from cirrhosis by modulating inflammatory response and cellular proliferation [59]. It
should be mentioned that supplementation of Vitamin E is recommended for patients with
NASH and stage 2 fibrosis proven in biopsy and without a family history of prostate cancer,
as it was proven that high daily dose of Vitamin E (≥400 IU per day) is associated with
progression of prostate cancer [60].

Data about usage of weight-loss medication in NAFLD are very scarce in the available
literature. To date, only Orlistat was found to contribute to improvement in hepatic fat
content, as well as the activity of ALT and AST during at least 24 weeks of therapy [61]. It
is thought that Orlistat may have a potential beneficial effect on NAFLD as it stimulates
weight loss, however it is not clear whether it has an independent effect on liver function.
Other weight-loss medications such as naltrexone, bupropion and topiramate have no
evidence of usefulness in NAFLD treatment [62].

The use of statins in NAFLD treatment is still controversial. Undoubtedly, statins
decrease the level of total cholesterol, low-density lipoprotein cholesterol (LDL-C) and
triglycerides, and hence limit the cardiovascular risk [63]. In the study conducted by Hyogo
et al., patients were treated with 10 mg atorvastatin daily. Researchers observed significant
reduction in AST, ALT and GGT concentrations as well as decrease in NAFLD Activity
Score (NAS), which includes steatosis, hepatocyte ballooning and lobular inflammation [64].
The use of statins among patients with NAFLD should be implemented with co-existing
dyslipidemia, as its protective effect on the cardiovascular system outweighs other adverse
events and low efficacy on hepatic histopathology [47].

Among novel therapeutic perspectives, farnesoid X receptor (FXR) agonist has been
investigated. Obeticholic acid (OCA or 6α-ethyl chenodeoxycholic acid, initially known
as INT-747) is an FXR agonist registered for the treatment of primary biliary cholangitis
due to its anticholestatic and hepatoprotective properties [65]. Data from recently per-
formed clinical trials prove that OCA is effective in patients with biopsy-proven NASH
or NAFLD [66,67]. The primary endpoint of FLINT study was histological improvement
in NAFLD activity score of at least 2 points, which was achieved in 45% of patients re-
ceiving 25 mg OCA daily [66]. A study conducted by Mudaliar et al. showed that the
administration of 25 or 50 mg OCA daily increases insulin sensitivity and reduces markers
of hepatic inflammation and fibrosis in patient with NAFLD and T2DM [67]. Another
farnesoid X receptor agonist, cilofexor (GS-9674) is under investigation as monotherapy
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or in combination with an acetyl-CoA carboxylase inhibitor, firsocostat (GS-0976). The
combination of these two drugs showed improvement in liver steatosis and stiffness and
serum markers of hepatic fibrosis [68]. Peroxisome proliferator-activated receptor (PPAR)-γ
agonists such as rosiglitazone and pioglitazone have been under investigation for potential
effects in NAFLD/NASH patients. The use of pioglitazone in patients with biopsy-proven
NASH improves liver function and decreases liver fat content. Cusi et al. conducted a
placebo-controlled RCT of 101 adults with NASH and T2DM. They documented that 58%
of patients assigned to pioglitazone group (45 mg once daily) achieved the primary out-
come (reduction in NAFLD activity score of at least 2 points without worsening of fibrosis)
and 51% had resolution of NASH. Pioglitazone treatment was also associated with im-
provement in individual histological scores, including the fibrosis score, reducing hepatic
triglyceride content from 19% to 7%, and improving adipose tissue, hepatic, and muscle
insulin sensitivity [69]. A Fatty Liver Improvement with Rosiglitazone Therapy (FLIRT)
trial showed that rosiglitazone improved steatosis and normalized transaminase levels in
47% of patients. However, no effect on other histologic lesions was documented [70].

Some experimental studies have focused on the specific inhibition of the fibrosis
process in liver with the use of an inhibitory antibody to lysyl oxidase-2 (LOXL-2). LOXL-2
up-regulation was noticed in patients with NAFLD and T2DM and LOXL-2 hepatic and
circulating levels correlate with histological fibrosis progression [71]. LOXL-2 inhibition
paves the way for macrophage-mediated collagen degradation in liver fibrosis. However,
in two phase 2b trails of patients with bonding fibrosis due to nonalcoholic steatohepatitis,
simtuzumab (monoclonal LOXL-2 antibody) was found to be ineffective in decreasing
hepatic collagen content [72]. Additionally, compounds interfering with apoptotic path-
ways have been investigated as a treatment option for NAFLD/NASH. An example is
selonsertib, which is an inhibitor of the apoptosis signal-regulating kinase 1 (ASK1), and
plays a significant role in hepatocyte inflammation, injury and fibrosis. In a phase 2 trial,
selonsertib appeared to improve liver fibrosis in a substantial proportion of patients with
NASH and stage 2 or 3 fibrosis, suggesting its potential use in NAFLD pharmacologi-
cal therapy [73]. However, results from randomized phase III STELLAR trials did not
show evidence that selonsertib reduces fibrosis in patients with NASH and advanced liver
scarring [74].

6. Bariatric Surgery and NAFLD

Bariatric surgery aims not only to achieve considerable, long-term weight loss but
also to improve the course of obesity-related diseases such as T2DM, hypertension, dys-
lipidemia, obstructive sleep apnea. It also reduces the risk of cardiovascular diseases such
as myocardial infarction and ischemic stroke and decreases overall mortality [75–77]. A
meta-analysis conducted by Sutanto et al. showed significant reduction in the incidence
of major adverse cardiovascular events in bariatric surgery group as compared to the
no-surgery group (OR = 0.49; 95% CI 0.40–0.60; p < 0.00001; I2 = 93%) [78]. Among recently
available surgical methods, Roux-en-Y gastric bypass (RYGB) and laparoscopic sleeve
gastrectomy (LSG) are the most commonly performed worldwide. A study conducted by
Mummadi et al. summarized 15 studies with 766 paired liver biopsies. Their investigation
showed the pooled proportion of patients with improvement or resolution in steatosis was
91.6% (95% confidence interval (CI), 82.4–97.6%), in steatohepatitis was 81.3% (95% CI,
61.9–94.9%), in fibrosis was 65.5% (95% CI, 38.2–88.1%), and for complete resolution of
NASH was 69.5% (95% CI, 42.4–90.8%) after bariatric surgery [79]. The Swedish Obese
Subjects (SOS) study showed reduction in both ALT and AST values after bariatric surgery
in both short and long-term observation (2 and 10-year follow-up) [80].

NAFLD is closely associated with obesity, T2DM and other features of metabolic
syndrome. All mechanisms involved in improving obesity and T2DM that appear after
bariatric surgery seem to have a crucial role in amelioration or resolution of NAFLD.
Weight reduction due to bariatric surgery causes inflammatory changes in patients with
obesity. Klein et al. showed that gastric bypass procedure decreases the hepatic expression
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of factors involved in the progression of liver inflammation (macrophage chemoattractant
protein 1 (MCP-1), and interleukin (IL-8)) and fibrogenesis (transforming growth factor-β1
(TGF-β1), tissue inhibitor of metalloproteinase 1 (TIMP-1), α-smooth muscle actin (α-SMA),
and collagen-α1(I)) [81]. Cazzo et al. showed a significant decrease in mean NAFLD fibrosis
score after RYGB and resolution rate of 55% of severe fibrosis in 12-month observation [82].
Moreover, RYGB contributes to significant reduction in NAFLD activity score, steatosis,
inflammation and liver ballooning during 1-year observation [83,84].

LSG is also considered to improve the course of NAFLD. Nobili et al. showed reduced
activation of local cellular compartments (hepatic progenitor cells, hepatic stellated cells,
macrophages) induced by LSG, which led to the improvement in NAFLD Activity Score
and liver fibrosis [85]. A study conducted by Cabré et al. proved that the histology and
liver function of patients with morbid obesity significantly improved after LSG due to
mechanisms involved in the reduction of oxidative stress and inflammation. They observed
significant reduction in the hepatic immunochemical expression of oxidation, inflammation
and fibrosis markers such as: PON-1, 4-hydroxy-2-nonenal, CD68, chemokine ligand 2
(CCL2), C-C chemokine receptor type 2 (CCR2), TNF-α, and galectin-3 between baseline
liver tissue and 12 months after LSG [86]. Weight loss induced by LSG leads to the im-
provement in liver histology in terms of steatosis, liver fibrosis, lobular inflammation and
hepatocyte ballooning. In a study conducted by Salman et al., among 81 patients under-
going LSG, 9 (11.1%) showed no steatosis at the end of 18-month follow-up, 25 (30.9%)
showed no hepatocyte ballooning, 37 (45.7%) showed no lobular inflammation, and 33
(40.7%) showed complete absence of fibrosis. The above-mentioned study also showed sig-
nificant improvement in postoperative liver function tests (AST, ALT, GGTP). An 18-month
observation also revealed an increase in adiponectin levels and a reduction in serum lev-
els of leptin and resistin, when compared to presurgical values. The above-mentioned
data prove that both LSG and RYGB are significant surgical methods for NAFLD/NASH
treatment [87].

As presented above, bariatric surgery provides proven NAFLD amelioration; how-
ever, the remaining question is whether RYGB or LSG is more effective. A systematic
review and meta-analysis performed by Baldwin et al. compared RYGB and LSG using
4 separate criteria: AST and ALT concentration, NAFLD activity score and NAFLD fibrosis
score. Patients undergoing both procedures showed significant reduction in AST and ALT
values. Head-to-head comparison of AST mean differences trended toward LSG, but it
was statistically non-significant. This study failed to show superiority between RYGB
and LSG in ameliorating NAFLD [88]. Cherla et al. also proved the normalization of the
liver function test by the end of the first postoperative year; however, they did not find
significant differences between the SG and RYGB groups [89]. A meta-analysis performed
by Silva et al. showed that RYGB patients achieve significant reduction of steatohepati-
tis and fibrosis, while patients undergoing LSG presented significant reduction only of
steatohepatitis. According to their study, the NAFLD Activity Score significantly improved
after both procedures and no differences were found between LSG and RYGB regarding
histopathological changes [90]. A study conducted by Pedersen et al. showed that NAS
reduced significantly in both RYGB and LSG patients 12-months after the surgery. However,
RYGB patients had significantly more reduced (p = 0.007) liver steatosis (−0.91 (95% CI
−1.47–−1.2) than SG patients (−0.33 (95% CI −0.54–−0.13) and greater improvement in
the plasma lipid profile [83]. Luo at el. investigated liver volume and fat density in MRI in
patients undergoing bariatric surgery. Their study showed that RYGB patients achieved
higher weight loss and higher BMI loss when compared to the LSG group. However, the
percentage decrease in liver volume and MRI-PDFF did not differ significantly between
groups [91].

Despite the significant role of bariatric surgery in the treatment of NAFLD, there are
some patients that will develop new or worsened features of NAFLD after bariatric proce-
dure. The meta-analysis performed by Lee et al. showed that 12% of patients experienced
development or worsening of NAFLD (95% CI, 5–20%) [92]. A 5-year prospective study
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performed by Mathurin et al. showed that 19.8% of patients experienced fibrosis progres-
sion 5 years after bariatric surgery for unknown reason [93]. Aggravation of NAFLD after
bariatric procedure should be kept in mind when qualifying patients for bariatric surgery.

7. Conclusions

The current evidence suggests that bariatric/metabolic surgery for patients with
morbid obesity leads to improvement or resolution of NAFLD/NASH in terms of steatosis,
hepatic inflammation and fibrosis. Although the results of available cohort research are
satisfying, they have not been proved in clinical randomized trails. Further, long-term
studies are still needed to confirm the recommendation of bariatric surgery as a treatment
option for NAFLD.

Author Contributions: Conceptualization, P.G. and H.R.H.; validation, P.G., D.L., H.R.H.; resources,
P.G., D.L., J.B.D.; data curation, P.G., D.L., J.B.D., H.R.H.; writing—original draft preparation, P.G.
and D.L.; writing—review and editing, P.G., D.L., H.R.H.; supervision, J.B.D. and H.R.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Blachier, M.; Leleu, H.; Peck-Radosavljevic, M.; Valla, D.C.; Roudot-Thoraval, F. The burden of liver disease in Europe: A review
of available epidemiological data. J. Hepatol. 2013, 58, 593–608. [CrossRef]

2. Divella, R.; Mazzocca, A.; Daniele, A.; Sabbà, C.; Paradiso, A. Obesity, Nonalcoholic Fatty Liver Disease and Adipocytokines
Network in Promotion of Cancer. Int. J. Biol. Sci. 2019, 15, 610–616. [CrossRef] [PubMed]

3. Estes, C.; Razavi, H.; Loomba, R.; Younossi, Z.; Sanyal, A.J. Modeling the epidemic of nonalcoholic fatty liver disease demonstrates
an exponential increase in burden of disease. Hepatology 2018, 67, 1231–1233. [CrossRef] [PubMed]

4. Calzadilla Bertot, L.; Adams, L.A. The Natural Course of Non-Alcoholic Fatty Liver Disease. Int. J. Mol. Sci. 2016, 17, 774.
[CrossRef] [PubMed]

5. Schuppan, D.; Afdhal, N.H. Liver cirrhosis. Lancet 2008, 371, 838–851. [CrossRef]
6. Cotter, T.G.; Charlton, M. Nonalcoholic steatohepatitis after liver transplantation. Liver Transpl. 2020, 26, 141–159. [CrossRef]

[PubMed]
7. Adam, R.; Karam, V.; Cailliez, V.; O Grady, J.G.; Mirza, D.; Cherqui, D.; Klempnauer, J.; Salizzoni, M.; Pratschke, J.; Jamieson, N.;

et al. 2018 Annual report of the European Liver Transplant Registry (ELTR)—50-year evolution of liver transplantation. Transpl.
Int. 2018, 31, 1293–1317. [CrossRef] [PubMed]

8. Younossi, Z.M.; Stepanova, M.; Afendy, M.; Fang, Y.; Younossi, Y.; Mir, H.; Srishord, M. Changes in the prevalence of the most
common causes of chronic liver diseases in the United States from 1988 to 2008. Clin. Gastroenterol. Hepatol. 2011, 9, 524–530.
[CrossRef] [PubMed]

9. Golabi, P.; Otgonsuren, M.; de Avila, L.; Sayiner, M.; Rafiq, N.; Younossi, Z.M. Components of metabolic syndrome increase the
risk of mortality in nonalcoholic fatty liver disease (NAFLD). Medicine 2018, 97, e0214. [CrossRef] [PubMed]

10. Rheinwalt, K.P.; Drebber, U.; Schierwagen, R.; Klein, S.; Neumann, U.P.; Ulmer, T.F.; Plamper, A.; Kroh, A.; Schipper, S.; Odenthal,
M.; et al. Baseline Presence of NAFLD Predicts Weight Loss after Gastric Bypass Surgery for Morbid Obesity. J. Clin. Med. 2020, 9,
3430. [CrossRef] [PubMed]

11. Soresi, M.; Cabibi, D.; Giglio, R.V.; Martorana, S.; Guercio, G.; Porcasi, R.; Terranova, A.; Lazzaro, A.L.; Emma, M.R.; Augello, G.;
et al. The Prevalence of NAFLD and Fibrosis in Bariatric Surgery Patients and the Reliability of Noninvasive Diagnostic Methods.
Biomed. Res. Int. 2020, 2020, 5023157. [CrossRef]

12. Madsbad, S.; Dirksen, C.; Holst, J.J. Mechanisms of changes in glucose metabolism and bodyweight after bariatric surgery. Lancet
Diabetes Endocrinol. 2014, 2, 152–164. [CrossRef]

13. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef] [PubMed]

14. Cholongitas, E.; Pavlopoulou, I.; Papatheodoridi, M.; Markakis, G.E.; Bouras, E.; Haidich, A.B.; Papatheodoridis, G. Epidemiology
of nonalcoholic fatty liver disease in Europe: A systematic review and meta-analysis. Ann. Gastroenterol. 2021, 34, 404–414.
[CrossRef]

310



J. Clin. Med. 2021, 10, 5721

15. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism
2016, 65, 1038–1048. [CrossRef] [PubMed]

16. Italian Association for the Study of the Liver (AISF). AISF position paper on nonalcoholic fatty liver disease (NAFLD): Updates
and future directions. Dig. Liver Dis. 2017, 49, 471–483. [CrossRef] [PubMed]

17. Anstee, Q.M.; Targher, G.; Day, C.P. Progression of NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 330–344. [CrossRef]

18. Lambert, J.E.; Ramos-Roman, M.A.; Browning, J.D.; Parks, E.J. Increased de novo lipogenesis is a distinct characteristic of
individuals with nonalcoholic fatty liver disease. Gastroenterology 2014, 146, 726–735. [CrossRef]

19. Hirsova, P.; Ibrabim, S.H.; Gores, G.J.; Malhi, H. Lipotoxic lethal and sublethal stress signaling in hepatocytes: Relevance to
NASH pathogenesis. J. Lipid. Res. 2016, 57, 1758–1770. [CrossRef] [PubMed]

20. Hirsova, P.; Gores, G.J. Death Receptor-Mediated Cell Death and Proinflammatory Signaling in Nonalcoholic Steatohepatitis. Cell.
Mol. Gastroenterol. Hepatol. 2015, 1, 17–27. [CrossRef]

21. Leung, C.; Rivera, L.; Furness, J.B.; Angus, P.W. The role of the gut microbiota in NAFLD. Nat. Rev. Gastroenterol. Hepatol. 2016,
13, 412–425. [CrossRef] [PubMed]

22. Aron-Wisnewsky, J.; Vigliotti, C.; Witjes, J.; Le, P.; Holleboom, A.G.; Verheij, J.; Nieuwdorp, M.; Clément, K. Gut microbiota and
human NAFLD: Disentangling microbial signatures from metabolic disorders. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 279–297.
[CrossRef] [PubMed]

23. Spencer, M.D.; Hamp, T.J.; Reid, R.W.; Fischer, L.M.; Zeisel, S.H.; Fodor, A.A. Association between composition of the human
gastrointestinal microbiome and development of fatty liver with choline deficiency. Gastroenterology 2011, 140, 976–986. [CrossRef]

24. Rahman, K.; Desai, C.; Iyer, S.S.; Thorn, N.E.; Kumar, P.; Liu, Y.; Smith, T.; Neish, A.S.; Li, H.; Tan, S.; et al. Loss of Junctional
Adhesion Molecule A Promotes Severe Steatohepatitis in Mice on a Diet High in Saturated Fat, Fructose, and Cholesterol.
Gastroenterology 2016, 151, 733–746.e12. [CrossRef]
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Abstract: Obesity-related hyperfiltration leads to an increased glomerular filtration rate (GFR) and
hyperalbuminuria. These changes are reversible after bariatric surgery (BS). We aimed to explore
obesity-related renal changes post-BS and to seek potential mechanisms. Sixty-two individuals
with severe obesity were prospectively examined before and 3, 6 and 12 months post-BS. Anthro-
pometric and laboratory data, 24 h-blood pressure, renin-angiotensin-aldosterone system (RAS)
components, adipokines and inflammatory markers were determined. Both estimated GFR (eGFR)
and albuminuria decreased from the baseline at all follow-up times (p-for-trend <0.001 for both).
There was a median (IQR) of 30.5% (26.2–34.4) reduction in body weight. Plasma glucose, glycosy-
lated hemoglobin, fasting insulin and HOMA-index decreased at 3, 6 and 12 months of follow-up
(p-for-trend <0.001 for all). The plasma aldosterone concentration (median (IQR)) also decreased
at 12 months (from 87.8 ng/dL (56.8; 154) to 65.4 (56.8; 84.6), p = 0.003). Both leptin and hs-CRP
decreased (p < 0.001) and adiponectine levels increased at 12 months post-BS (p = 0.017). Linear
mixed-models showed that body weight (coef. 0.62, 95% CI: 0.32 to 0.93, p < 0.001) and plasma aldos-
terone (coef. −0.07, 95% CI: −0.13 to −0.02, p = 0.005) were the independent variables for changes
in eGFR. Conversely, glycosylated hemoglobin was the only independent variable for changes in
albuminuria (coef. 0.24, 95% CI: 0.06 to 0.42, p = 0.009). In conclusion, body weight and aldosterone
are the main factors that mediate eGFR changes in obesity and BS, while albuminuria is associated
with glucose homeostasis.

Keywords: bariatric surgery; hyperfiltration; albuminuria; renin-angiotensin axis; aldosterone;
glucose metabolism

1. Introduction

Worldwide obesity has nearly tripled since 1975 [1]. Obesity is associated with an in-
crease in morbidity and mortality, mainly from cardiovascular disease and diabetes, among
others [2]. In addition, obesity is also a major risk factor for the development of chronic
kidney disease [3]. Obesity is usually characterized by an abnormally high glomerular
filtration rate (GFR) and long-lasting hyperfiltration may cause renal lesions similar to
secondary focal segmental glomerulosclerosis, the so-called obesity-related glomerulopathy,
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leading to a decrease in GFR and hyperalbuminuria [4]. In patients with severe obesity, both
hyperfiltration and albuminuria are a consequence of increased intraglomerular pressure
and glomerular surface area. Although the prevalence of microalbuminuria or proteinuria
is higher in obese patients who have diabetes, albuminuria is still higher in non-diabetic
obese patients than in the general population [5]. Finally, increased body mass index (BMI)
has been linked to a loss of renal function, as well as a higher risk of end-stage renal
disease [5]. In severely obese patients, lifestyle changes often fail to significantly reduce
body weight. Fortunately, bariatric surgery (BS), a surgical approach that can be performed
through different technical procedures, promotes weight loss so that it achieves much
better results. Beyond weight loss, BS leads to the improvement of various obesity-related
diseases such as hypertension, disorders of glucose and lipid metabolism, obstructive
sleep apnea or non-alcoholic steatohepatitis, among others. More importantly, a recent
meta-analysis [6] showed a reduction in major adverse cardiovascular events in patients
with obesity and cardiovascular disease who underwent BS compared with those who did
not have surgery. Recently, obesity-induced hyperfiltration and albuminuria have been
shown to be reversible after bariatric surgery [4,7]. Altered renal haemodynamics as well
as a deleterious adipocytokine pattern favored by obesity appear to be at the root of both
obesity-related renal impairment and its improvement after BS, at least in diabetics [4,8,9].

Here we sought to assess changes in renal function at different follow-up times in
patients with severe obesity undergoing BS. In addition, we explored the possible role of
the renin-angiotensin aldosterone system (RAS), changes in glucose metabolism, and in-
flammation as potential mechanisms mediating these changes.

2. Materials and Methods

2.1. Methods
2.1.1. Study Design and Patients

The BARIHTA study is a prospective observational trial in a cohort of consecutively
enrolled patients with severe obesity scheduled to undergo BS (clinicaltrials.gov identifier:
NCT03115502). Details about BARIHTA trials have been previously published [10]. Thus,
the BARIHTA study prospectively recruited outpatients with severe obesity who went to
consultations at the Hospital del Mar (Barcelona, Catalonia, Spain) seeking surgical treat-
ment. All individuals (both sexes, aged 18–60 years) with a medical indication for surgical
intervention and who agreed to undergo the treatment with BS were invited to participate.
Indications for BS included those patients with a body mass index (BMI) > 40 kg/m2 or
grade II obesity (BMI > 35 kg/m2) plus associated comorbidities (i.e., type 2 diabetes melli-
tus, obesity-associated hypoventilation disorders, high blood pressure, or dyslipidemia).
Patients with any endocrine disease causing obesity or severe psychiatric diseases were
excluded. Detailed information on the trial was provided by qualified professionals of
the Hypertension and Vascular Risk Unit (Nephrology Department, Hospital del Mar).
The exclusion criteria comprised the ruling out of the BS program for any reason or the
refusal to give consent. The trial was approved by the local institutional Ethic Committee
in accordance with the Declaration of Helsinki, and written informed consent was obtained
from all participants.

Here we evaluate and report the effects of BS on renal function and explore its possible
mechanisms by analyzing its relationship with various components of the renin-angiotensin-
aldosterone system (RAS), along with inflammatory markers and adipokines, as previously
specified per protocol.

Demographic, anthropometric and clinical data were recorded from all participants
as a baseline. Anthropometric characteristics, pharmacological treatment, office- and
24 h-ambulatory-blood pressure (BP) recordings, routine laboratory tests, including renal
function as assessed by the estimated glomerular filtration rate (eGFR) and by determining
albuminuria, and determinations of components of the RAS, adipokines and inflammatory
markers, were obtained at baseline and 1, 3, 6 and 12 months after surgery. Changes at
follow-ups are evaluated from three months on to avoid the major hemodynamic instability
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one month after BS. Hypertension was considered if previously diagnosed and/or if the
baseline 24 h-BP was ≥130/80 mmHg. Diabetes mellitus (DM) was considered if the
patient received antidiabetic treatment or had ≥2 fasting plasma glucose determinations
≥126 mg/dL or if glycosylated haemoglobin A1c was >6.5%.

About one-third of the study population was under treatment with at least one drug
that interfered with the RAS. Given that these drugs could introduce a bias by interfering
with renal function parameters, the main analyzes were performed separately in both the
entire cohort and in the untreated patients.

2.1.2. Procedures
Blood Pressure Measurements

Brachial-BP measurements and calculation of central-BP and other arterial parameters
through the oscillometric method (ARCSolver algorithm) were obtained from a Mobil-O-
Graph® NG-ambulatory blood pressure (NG-ABPM) device by IEM, Stolberg, Germany.
The monitor was placed on a working day between 08:00–10:00 h A.M., and after a 5 min
rest, BP was consecutively determined four times at 1-min intervals. The mean was es-
tablished as office BP. Brachial artery waveforms were then automatically recorded at
20-min intervals. Suitably sized cuffs were used according to the arm circumference mea-
sured in each study visit. All patients had recordings of good technical quality (≥70% valid
readings). If not, a new ambulatory-BP-monitoring (ABPM) was repeated within 1 week.

Laboratory Analyses

Urinary Albumin Excretion
Urinary albumin excretion (measured by turbidimetry; lower detection limit: 0.3 mg/dl;

intra-assay and inter-assay variation coefficients: 1.3% and 4.3%, respectively) was deter-
mined before BS and at the determined follow-up time-points and measured as the average
of urinary albumin/creatinine ratio (ACR) from 2 fresh first-morning-void urine samples
obtained on separate days. Microalbuminuria was defined as an ACR ≥ 30 mg/g.

Serum Creatinine and eGFR
Serum creatinine (SCr) was measured by an enzymatic modified Jaffe reaction (CREA;

Roche Diagnostics) using the Hitachi Modular System Analyzer (Roche Diagnostics),
consistent with the current National Kidney Disease Education Program recommendations
for standardizing SCr measurement [11]. The intra-assay coefficient of variation was 2.3%.

There is no current agreement as to the best method to estimate the GFR in individuals
with severe obesity. However, in a recently reported study [12], the modified Cockcroft-
Gault (CG) equation performed best in both the overall population and the obese subgroup
in terms of strength of correlation, mean bias and accuracy, as compared to both the IDMS
(isotope dilution mass spectrometry) traceable simplified Modification of Diet in Renal
Disease [13] and the Chronic Kidney Disease-Epidemiology Collaborative equations [14].
We obtained equivalent results to that report. Therefore, although we initially performed
the analyzes by obtaining the eGFR using the three formulas separately, in the final analysis
we only report data on eGFR according to the CG equation, with adjustments for body
surface area.

Renin-Angiotensin-Aldosterone System (RAAS) Components
Plasma renin activity (PRA) and plasma aldosterone concentration, as well as

angiotensin-converting enzyme (ACE) and angiotensin-converting enzyme-2 (ACE2) activ-
ities, were measured by validated laboratory methods [15]. Details on assay performance
are reported in Appendix A.

Adipokines and Inflammatory Parameters
Leptin, adiponectin, and other cytokines and inflammatory markers, e.g., resistin,

angiopoietin-2, MCP-1 and high-sensitivity C-reactive protein (hs-CRP), were also deter-
mined. See Appendix B.
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Surgical Techniques

Either laparoscopic Roux-en-Y gastric bypass (LRYGB) or laparoscopic sleeve gastrec-
tomy (LSG) were performed, and any of these two were chosen for each patient based
on clinical criteria and the consensus of the Bariatric Surgery Unit. In this line, LSG was
preferred in younger patients, in those with a BMI ranging from 35–40 kg/m2, as a first-step
treatment in cases with a body mass index (BMI) > 50 kg/m2 and when drug malabsorp-
tion was to be avoided [16]. The LRYGB technique involved a 150-cm antecolic Roux limb
with 25-mm circular pouch–jejunostomy and exclusion of 50 cm of the proximal jejunum.
In LSG, the longitudinal resection of the stomach from the angle of His to approximately
5 cm proximal to the pylorus was performed using a 36-French bougie inserted along the
lesser curvature.

2.1.3. Statistical Analyses

Elementary statistical methods were applied with statistical package SPSS for Win-
dows version 25.0 (Cary, NC, USA). The normality assumption for continuous variables
was tested through the Kolmogorov–Smirnov test. Variables fulfilling this normality as-
sumption were summarized as the mean ± S.D. or the median (interquartile range, IQR)
otherwise. Categorical data were presented as frequencies and percentages. Comparisons
of analyzed variables between two observed periods were carried out by paired t tests
or Wilcoxon signed rank tests. Pearson or Spearman correlation coefficients were used
for testing bivariate correlations as appropriate. Separate linear mixed-models were built
for both the variation of eGFR-CG and the variation of albuminuria. All variables which
deviate from the normal distribution were log-transformed (ln) before being introduced
into the model. In these models, data were expressed as regression coefficient, 95% confi-
dence interval (95% CI) and p-value. A change was considered significant if the two-side
alpha level was ≤0.05. We used the statistical package SPSS for Windows version 25.0
(Cary, NC, USA), and STATA package version 15 (STATA Corp., College Station, TX, USA),
for statistical analysis.

About one-third of the study population received treatment with one or more drugs
that interfered with RAS. Given that these drugs could introduce a bias by interfering with
renal function parameters, the main analyses were performed separately in both the entire
cohort and in the untreated patients.

3. Results

Sixty-two patients completed the BARIHTA study, and information on renal changes
was available for all of them at the baseline and follow-ups. A flowchart is supplied
(Figure S1). Baseline characteristics are shown in Table 1. Fifty-five patients (89%) had
hyperfiltration, i.e., eGFR > 120 mL/min/1.73 m2, before BS. None of the patients had
chronic kidney disease based on the estimated glomerular filtration rate, nor did any of
them die at follow-up.

3.1. Changes in Renal Function Parameters

The estimated GFR decreased from 155.9 ± 36.3 to 127.7 ± 27.4 mL/min/1.73 m2

(p < 0.001), reflecting the hyperfiltration that characterizes patients with severe obesity.
In addition, the albuminuria, as measured by the log-transformed albumin-creatinine ratio
(lnACR), decreased from 1.85 ± 1.08 to 1.56 ± 0.73 (p = 0.056). Both the estimated GFR
(Figure 1A) and the albuminuria (Figure 1B) experienced a progressive decrease from
baseline to the final observation 12 months after BS at all follow-up times (p for trend <0.001
for both).

3.2. Changes in Body Weight, Body Mass Index, and Waist Circumference

Overall, there was a median (IQR) 30.5% (26.2–34.4) reduction in body weight 12 months
after BS. Body mass index was 42.7 ± 5.6 kg/m2 at baseline and 29.7 ± 4.8 kg/m2 one
year after BS (p < 0.001). Figure S2 (Supplemental Material) shows the mean (error bars
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95% CI) body weight at each follow-up point. Waist circumference was 132.5 ± 12.0 cm
and 105.5 ± 13.3 cm, at baseline and 12 months after BS, respectively (p < 0.001). A waist
circumference (cm) decrease was confirmed in both men (140.2 ± 14.3 vs. 111.4 ± 16.3) and
women (129.8 ± 10.1 vs. 103.4 ± 11.7), (p < 0.001 for both comparisons).

Table 1. The baseline clinical characteristics.

Age, Year (Mean ± S.D.) 42.1 ± 9.3
Sex, women, n (%) 48 (77.4)
Body weight, kg (mean ± S.D.) 117.4 ± 18.9
Waist circumference, cm (mean ± S.D.) 132.3 ± 11.5
Body mass index, Kg/m2 (mean ± S.D.) 42.6 ± 5.5
Race, n (%)
-Caucasian
-African
-Hispano-American

56 (90.3)
1 (1.6)
5 (8.1)

Current smokers, n (%) 17 (27.4)
Surgical procedure, n (%):
-Sleeve gastrectomy
-Roux-en-Y gastric bypass

27 (43.5)
35 (56.5)

Hypertension, n (%) 24 (38.7)
Type 2-Diabetes Mellitus, n (%) 7 (11.3)
Chronic kidney disease *, n (%) 0 (0)
Previous major vascular event, n (%) 3 (4.8)

* estimated glomerular filtration rate <60 mL/min/1.73 m2.

Figure 1. The changes in eGFR (1A) and albuminuria (1B) from baseline (before BS) to 12 months
post-BS, with mid-points at 3 and 6 months. eGFR-CG = estimated glomerular filtration rate by the
Cockcroft-Gault equation; lnACR = neperian logarithm of albumin-creatinine ratio. Values of both
eGFR-CG and lnACR are given as mean ± SD.

3.3. Variation of Blood Pressure

As previously reported [10], office systolic and diastolic BP, both central and peripheral,
significantly decreased at 12 months, even though more than 60% of the cohort were
normotensives. In addition, central 24-h SBP decreased at 12 months, with a mean of (95%
confidence interval) −3.1 mmHg (−5.5 to −0.7), p = 0.01 after adjustment for age and sex.

There was a statistically significant correlation between the variation at 12 months
of peripheral 24-h systolic blood pressure (SBP) and the variation of both body weight
(rho = 0.453, p = 0.001) and waist circumference (rho = 0.316, p = 0.030).
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3.4. Changes in Glucose Metabolism Parameters and in RAS Components

Figure 2 shows the overall mean (95% CI) of fasting glucose before BS (0 months) and
at 3, 6 and 12 months of follow-up. As noted, there is an initial decrease at 3 months that is
maintained throughout the first year of follow-up (p for trend < 0.001).

Figure 2. The changes in fasting glucose from baseline (before BS) to 12-months of follow-up, with
mid-points at 3 and 6 months. Values of fasting glucose are given as the mean and corresponding
95% confidence intervals.

Figure 3 shows the overall mean of glycosylated hemoglobin, fasting insulin and
HOMA-IR (homeostasis model assessment-estimated insulin resistance index) before BS
(0 months) and at 3, 6 and 12 months of follow-up. There is a statistically significant decrease
of these three parameters throughout the first year of follow-up (p for trend < 0.001 for all).

The changes at 12 months after BS in various components of the RAS were also
assessed. As expected, there was a statistically significant decrease in plasma renin activity
and aldosterone plasma concentration, as well as an increase in the ACEactivity/ACE2
activity ratio after BS (see Table 2). These changes showed a tendency to persist when
the subgroup of patients without a RAS blockade treatment that could interfere with the
components of the RAS was analyzed separately.

Table 2. The changes in the RAS components 12 months after bariatric surgery.

All Patients (n = 62) Patients without Antihypertensive Treatment (n = 42)

Before BS
12-Months
Post-BS

p Before BS
12-Months
Post-BS

p

PRA *,
ng/mL/h

0.8 (0.3; 1.3) 0.45 (0.2; 0.9) 0.010 0.85 (0.38; 1.3) 0.5 (0.2; 1.0) 0.074

Aldosterone *, ng/dL 87.8 (56.8; 154) 65.4 (56.8; 84.6) 0.003 81.6 (56.8; 110) 65.1 (56.3; 82.3) 0.090
ACE activity, RFU/μL 1244.1 ± 341.3 1287.3 ± 360.7 0.370 1272.3 ± 327.2 1295.6 ± 307.4 0.710
ACE2 activity *,
RFU/μL/h

7.9 (5.8; 10.8) 6.9 (5.4; 10.8) 0.070 7.7 (5.8; 10.7) 6.9 (5.0; 11.3) 0.151

ACE act./ACE2 act. 164.5 ± 77.9 187.5 ± 78.4 0.016 172.7 ± 83.5 188.2 ± 74.1 0.131

(*) Data shown as median [interquartile range]. ACE = angiotensin converting enzyme; ACE2 = angiotensin
converting enzyme 2; BS = bariatric surgery; PRA = plasma renin activity; RAS = renin-angiotensin system;
RFU = relative fluorescence units.
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Figure 3. The changes in glycosylated hemoglobin, fasting insulin and HOMA-IR index from baseline
(before BS) to 12-months of follow-up. HbA1c = glycosylated hemoglobin; HOMA = homeostasis
model assessment-estimated insulin resistance.

There were statistically significant changes 12 months after BS in the explored adipokines
and inflammatory markers (Table S1). As seen, leptin and hs-CRP decreased, while
adiponectine and angiopoietin-2 experienced an increase 12 months after BS.

3.5. Independent Correlates of Repeated Measurements of Renal Parameters

Separate mixed-models were built for both the variation of eGFR-CG and the variation
of albuminuria (Table 3). The tested independent variables were those that were clini-
cally relevant and that showed statistically significant changes at follow-up, mainly body
weight, peripheral 24h-systolic BP, several components of the RAS, various adipokines and
inflammatory markers and different parameters of the glucose metabolism.

Table 3. The determinants of the variation of eGFR (3A) and of the variation of albuminuria (3B).

3A

eGFR All Patients (n = 62)
Patients without Antihypertensive Treatment

(n = 42)
Coeff. 95% CI p-value Coeff. 95% CI p-value

Months FU −0.42 −1.16, 0.32 0.267 −0.69 −1.59, 0.22 0.135
Body weight, Kg 0.71 0.46, 0.96 <0.001 0.62 0.32, 0.93 <0.001
24h-systolic BP, mmHg 0.26 −0.04, 0.56 0.089 −0.03 −0. 42, 0.36 0.887
Aldosterone, ng/dL −0.11 −0.15, −0.07 <0.001 −0.07 −0.13, −0.02 0.005
HbA1c,
%

1.24 −3.84, 6.31 0.633 2.98 −2.52, 8.48 0.288

3B

lnACR All Patients (n = 62)
Patients without Antihypertensive Treatment

(n = 42)

Coeff. 95% CI p-Value Coeff. 95% CI p-Value
Months FU −0.01 −0.03, 0.02 0.539 0.00 −0.02, 0.03 0.788
Body weight, Kg −0.00 −0.01, 0.01 0.641 0.00 −0.01, 0.01 0.609
24h-systolic BP, mmHg 0.02 0.01, 0.03 <0.001 −0.00 −0.02, 0.01 0.582
Aldosterone, ng/dL 0.00 −0.00, 0.00 0.107 0.00 −0.00, 0.00 0.608
HbA1c,
%

0.27 0.09, 0.45 0.004 0.24 0.06, 0.42 0.009

BP = blood pressure; eGFR = estimated glomerular filtration rate; FU = follow-up; HbA1c = glycosylated
hemoglobin; lnACR = log-transformed albumin-creatinine ratio.
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The models with a better performance show that the statistically significant inde-
pendent variables for eGFR (Table 3A) were body weight and plasmatic aldosterone con-
centration, in both all patients and the subgroup of untreated patients. Regarding the
variation of albuminuria (Table 3B), the main independent variable was the glycosylated
hemoglobin. Similar results were found when the same models were tested including
the HOMA insulin-resistance index instead of the glycosylated hemoglobin (see Table S2).
Otherwise, the variation of leptin, adiponectin, angioietin2 and hs-CRP lost statistical
significance when included in the models.

4. Discussion

The main finding of this study is that in obese patients undergoing BS the mechanisms
by which the estimated glomerular filtration rate and albuminuria return to normal values
are possibly different. Thus, we demonstrate that normalization of eGFR is associated with
a decrease in both body weight and plasma aldosterone concentration, while a decrease in
albuminuria is directly correlated with an improvement in glucose metabolism.

Weight excess is associated with an altered renal haemodynamic profile, i.e., an in-
creased GFR relative to effective renal plasma flow, resulting in an increased filtration
fraction [17]. Hyperfiltration is the hallmark of obesity-associated renal dysfunction, leading
to the onset of microalbuminuria, even before major structural changes occur [18]. Charac-
terizing the renal function of patients with severe obesity and looking for the mechanisms
underlying their evolution after BS are crucial challenges, especially to prevent obesity-
related kidney damage. Controlled and noncontrolled studies have shown that BS decreases
eGFR [4,7,19] and albuminuria [8,19,20], suggesting that BS alleviates hyperfiltration.

Several studies have investigated the mechanisms likely to be responsible for renal
changes observed in obese patients. A large number of these studies refer to hyperfiltration
in general terms, focusing mainly on eGFR, especially with regard to the consequences of
BS on renal function. Some of them found a relationship between the decrease in eGFR
after BS and an improvement in the toxic adipokine profile observed in these patients [4,9].
In our cohort, we found a statistically significant decrease in leptin and in hs-CRP, as well as
an increase in adiponectin, but these changes did not remain significant in the multivariate
analyses after adjusting for other variables. On the contrary, we found that body weight
and plasma aldosterone concentration decreases were the two factors that showed the
strongest correlations with the restoration of eGFR to almost normal values. Some other
authors have shown an association between the decrease in the percentage of high fat mass
and the decrease in eGFR after BS. Of note, there is a general agreement that weight loss,
but not the mechanism through with weight loss is achieved (i.e., type of surgery), is an
independent predictor of restoration of renal function and prevention of chronic kidney
disease [4,9,21,22]. Focusing on the role of aldosterone in the amelioration of hyperfiltration
after BS in patients with obesity, it has been reported that activation of the RAS together
with other mechanisms mediate increased renal sodium reabsorption in obesity-induced
hypertension, high blood pressure being one of the possible causes of renal damage in these
patients [23]. However, we must remark that our results are confirmed in the subgroup of
untreated normotensive patients, therefore pointing to a hypertension-independent role of
the RAS in renal damage in obese patients and its normalization after BS. It is suggested
that the normalization of the eGFR after BS may be related to restoration in homeostasis
of the RAS [24], and this is supported by experimental studies that show evidence of
tubule-glomerular feedback resetting [25]. Thus, the correction of the dysregulated tubule-
glomerular feedback may be the reason for those beneficial effects observed after BS.

The second relevant finding of this study is the close relationship between decreased
albuminuria and improvement in all parameters of glucose metabolism. Indeed, most of the
reported investigations regarding decreases in albuminuria after BS are based on cohorts
of diabetic patients [20,26–28]. Podocyte dysfunction is considered of pivotal importance
in the genesis of high albuminuria in both obesity and diabetes. Mechanical stress in the
podocytes, secondary to glomerular hypertension, induces the differentiation and adhesion
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of the podocytes by reorganizing the actin cytoskeleton of the podocyte and compromising
the size of the selective barrier of the slit diaphragm [8]. Here we show that improved
glucose metabolism is an independent determinant of albuminuria regression, regardless
of weight loss and blood pressure decrease and RAS changes, in a cohort where only 11% of
patients were diabetic. Regarding the role of inflammation in decreasing albuminuria after
BS, some authors have highlighted a possible role [9]. We also explored this mechanism,
but although we found a correlation between changes in resistin and albuminuria, this
cytokine no longer remained significant after adjusting for other variables.

We need to point out some limitations of the study. First, the GFR was estimated
rather than measured directly. However, it should be noted that we determined the eGFR
at various points over the 12 months and observed a significant decrease at any given time.
In addition, although it has been suggested that weight loss-related changes in muscle
mass influence eGFR to some extent, it is unlikely that a gradual decrease in eGFR over
12 months of follow-up will be accompanied by a continued decrease in muscle mass
during this time. Second, for technical reasons, we were unable to determine interleukin-6
in most samples, so these data were excluded from the final analyses. Although it is a
well-known marker of inflammation, we have complete data on hs-CRP, another hallmark
of inflammation, and it was finally rejected that it played an important role in renal changes
after adjustment for other variables. Finally, we cannot ignore the fact that the possible role
of the RAS in changes in eGFR and glucose metabolism in changes in albuminuria are only
hypotheses that should be confirmed in a randomized clinical trial.

5. Conclusions

In conclusion, our study demonstrates that weight loss and especially decreased aldos-
terone levels are the main factors associated to the restoration of the abnormally increased
eGFR seen in obese patients after BS. This highlights the importance of the possible role of
the RAS in renal hemodynamic alterations in obese patients that ultimately impair renal
function. On the other hand, we show that increased albuminuria in obese patients is related
to impaired glucose metabolism, regardless of blood pressure and weight loss.
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Appendix A

Appendix A.1. Angiotensin-Converting Enzyme (ACE2) Enzymatic Assay

The ACE2 fluorescent enzymatic assay protocol was performed as previously de-
scribed [18,19], using an ACE2-quenched fluorescent substrate (Mca-Ala-Pro-Lys(Dnp)-OH,
BioMol, Hamburg, Germany; Enzo, Life Sciences, Farmingdale, NY, USA). Serum samples
(2 μL) were incubated with ACE2 assay buffer [100 mM Tris·HCl, 600 mM NaCl, 10 μM
ZnCl2, pH 7.5 in presence of protease inhibitors 100 μM captopril, 5 μM amastatin, 5 μM
bestatin, and 10 μM Z-Pro-prolinal (from Sigma-Aldrich, St. Louis, MO, USA and Enzo
Life Sciences, Farmingdale, NY, USA)] and 10 μM fluorogenic substrate in a final volume
of 100 μL at 37 ◦C for 16 h. Serum ACE2 cleaves the substrate proportionally to the enzyme
activity. Results were obtained after subtracting the background when an ACE2-especific
inhibitor was added (0.6 μM DX600). Experiments were carried out in duplicate for each
data point. Plates were read using a fluorescence plate reader (Tecan Infinite 200; Ger-
many) at λex320 nm and λem400 nm. Results were expressed as RFU (relative fluorescent
units)/μL serum/h.

Appendix A.2. ACE Enzymatic Assay

The ACE fluorescent enzymatic assay was performed as previously described [29,30].
For this determination, 2 μL of serum were incubated in duplicate with 73 μL of reaction
buffer (0.5 M borate buffer and 5.45 M N-hippuryl-His-Leu) for 25 min at 37 ◦C. Finally,
15 μL of o-phthaldialdehyde (20 mg/mL) was added to the samples to form a fluores-
cent adduct with the enzyme-catalysed product L-histidyl-L-leucine. Fluorescence was
measured at λex360 nm and λem485 nm. Results were expressed as RFU/μL serum.

Appendix B

Adipokines and Inflammatory Parameters

Cytokine and chemokine assays with Luminex kits were used. Three Milliplex
MAP® kits from Millipore (Merck Millipore, Billerica, MA, USA) were used to test an-
alytes: a 2-plex human adipokine magnetic bead panel 1 for Adiponectin and Resistin
(#HADK1MAG-61K), a 3-plex human angiogenesis/growth factor magnetic bead panel 1
for Leptin (#HAGP1MAG-12K), and a 3-plex human cytokine/chemokine magnetic bead
panel for MCP-1 (#HCYTOMAG-60K). According to manufacturers’ instructions, all meth-
ods were performed by the same operator. All kits supplied lyophilized standards that
were reconstituted and diluted at 7 serial concentrations (standard curves). Standards
included all recombinant analytes tested and were considered as positive controls for the
procedure. When indicated by the manufacturer, samples were diluted in assay buffer.
Twenty-five μL of sample were used to capture an analyte on analyte-specific color-coded
magnetic beads coated with capture antibodies. After the final wash, the beads were
resuspended in sheath fluid and the median fluorescent intensity (MFI) data of 50 beads
per bead set were analysed on a Luminex 200TM (Luminex Corp., Austin, TX, USA) and
Bio-Plex Manager MP software (Bio-Rad, Hercules, CA, USA). Analyte concentrations
were calculated by reference to an eight-point five-parameter logistic standard curve for
each analyte.
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Abstract: The most common endocrine disease in obesity is hypothyroidism and secondary endocrine
alterations, including abnormal thyroid function, are frequent in obesity. It is unclear whether
impaired thyroid function is the cause or the consequence of increased adiposity; furthermore, there
are no clear data regarding the best way to dose levothyroxine for patients with both hypothyroidism
and obesity, and the effect of bariatric surgery (BS). The aim of the present article is to review some
controversial aspects of the relation between obesity and the thyroid: (1) Thyroid function in obesity
and the effect of BS (2) Thyroid hormone treatment (THT) in obese patients with hypothyroidism
and the effect of BS. In summary: In morbidly obese patients, TSH is moderately increased. Morbid
obesity has a mild central resistance to the thyroid hormone, reversible with weight loss. In morbidly
obese hypothyroid patients, following weight loss, the levothyroxine dose/kg of ideal weight did not
change, albeit there was an increment in the levothyroxine dose/kg of actual weight. From a clinical
practice perspective, in morbid obesity, diagnosing mild hypothyroidism is difficult, BS improves the
altered thyroid function and THT can be adapted better if it is based on ideal weight.

Keywords: obesity; endocrine abnormalities; bariatric surgery; hypothyroidism

1. Introduction

The thyroid hormone (TH) controls dietary intake as well as energy expenditure,
both resting and total, and consequently, obesity and different metabolic diseases can
appear in patients with altered thyroid function. Furthermore, altered thyroid function is
characterized by the presence of changes in total body weight and total body composition,
body temperature, and metabolic expenditure [1].

Thyroid function studies are frequently indicated in the evaluation of obesity etiol-
ogy [2]. It is common to find slightly increased values of thyrotropin (TSH) in obesity [3,4].
It is unclear whether the altered thyroid function present in obesity is due to the excess
adiposity or, alternatively, the decreased thyroid function is the cause of the excess adiposity.
The thyroid axis regulates the adipose tissue and the adipose tissue affects the activity of
the thyroid axis [5].

Obesity could be considered a disease of the nervous system [6] and is a great problem
to the health system at the present time, with very important consequences for health care
and society [7]. In recent years, the number of obese patients has progressively augmented.
In the last 40 years, obesity has reached epidemic proportions and obesity-related diseases
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have consistently increased in the last 30 years due, predominantly, to cardiovascular
disease [8]. Spain has a prevalence of obesity of 22.9% [9] and in almost all European
countries is more than 20% [2]. The age-adjusted prevalence of obesity in the USA is
40.4% in women and 35.0% in men. The corresponding values for class 3 obesity (with
BMI ≥ 40 kg/m2) are 9.9% for women and 5.5% for men [10]. A projection study indicates
that the prevalence in the USA of obesity in adults and obesity with a BMI ≥ 35 kg/m2

will increase [11]. Slightly lower results have been found all over the world [12]. As
little as 5% weight loss improves the function in different organs and tissues concurrently,
and progressively increased weight decrement induces changes in key adipose tissue
biological pathways [13,14]. Bariatric surgery (BS), using laparoscopic banding, sleeve
gastrectomy (SG), or a laparoscopic Roux-en-Y Gastric Bypass (RYGB), compared with
medical treatment, has produced more marked ameliorations in diseases associated with
obesity and a more marked decrease in all-cause mortality [15]. In obesity, bariatric surgery
was associated with longer life duration than medical treatment, even though mortality
remained elevated, in both the surgical and usual care of obese groups when compared
with the general population [16]. A clear amelioration in obesity-related diseases has also
been found following BS. These benefits in patients occur early, before the presence of
any significant weight loss, so that benefits may be probably due to the gastrointestinal
hormonal secretion modifications due to bariatric surgery [17]. In marked contrast, in
patients with obesity and Type 2 diabetes treated with RYGB surgery or diet, the clinical
improvement of RYGB surgery and diet were very similar and were apparently related
to weight loss itself, suggesting that the benefits of BS are exclusively due to the effect of
weight loss [18].

The most prevalent endocrine disease in obesity is subclinical primary hypothyroidism.
It is suggested to test all patients with obesity for the presence of altered thyroid func-
tion [2]. Hypothyroidism, defined as an increased circulating TSH value, affects up to
10% of the adults, affecting more women than men [19]. Obesity is accompanied with
endocrine alterations, including a decreased growth hormone (GH) response to different
stimuli [20–24] and altered thyroid function [22,25]. Thyroxine values have been found
to be normal, increased, and decreased in obesity; these different results are likely due to
the fact that the patients were examined at various time periods, have different sexes and
ages, and may differ in the severity and kind of obesity as well as in the presence of obesity
comorbidities [3,4,25–28]. The disturbance of thyroid function in obese patients and the
role of BS treatment on thyroid function change is unclear at the present time. There are
different studies showing various results in connection with the change of thyrotropin after
BS and the influence of weight decrement [28–34]. The free thyroxine (FT4) results in obese
patients and the influence of BS are even more controversial [29].

As previously mentioned, the most prevalent endocrine disease in obesity is decreased
thyroid function and it is recommended to measure circulating thyroid hormones in all obese
patients [2]. In clinical practice, body weight is frequently used to estimate the total dose of
levothyroxine (LT4) to administer in the presence of decreased thyroid function [35]. There
are various reasons for increased requirements of levothyroxine in obese subjects: increased
lean and fat mass [36], increased volume of distribution, or altered gastrointestinal tract ab-
sorption [37]. As such, weight loss from BS may reduce the levothyroxine needs [38,39].
Conversely, the surgical technique, by altering the anatomy and physiology of the gastrointesti-
nal tract, could induce a decrease in the absorption of the hormone and, therefore, increase the
requirements of levothyroxine [40].

The objective of the present article is to review some controversial aspects of the
relation between obesity and thyroid function: (1) thyroid function in obesity and the
influence of bariatric surgery; (2) thyroid hormone replacement in obese patients with
hypothyroidism and the influence of bariatric surgery.

328



J. Clin. Med. 2022, 11, 1340

2. Thyroid Function in Obesity and the Effect of Bariatric Surgery

TH values have been found to be decreased, increased, and normal in obesity [3,4,26,28].
Our group has found increased TSH values in morbidly obese patients [34]. Rotondi et al. [4]
have found augmented circulating TSH values in an ample group of severely obese subjects
when compared with healthy normal weight subjects. Reinehr et al. [27] reported increased
thyrotropin levels in obese children when compared with normal weight children. The degree
of overweight correlated with circulating thyrotropin results. Valdes et al. [3] have found
augmented circulating TSH values in severe obesity, and have suggested that reference values
for thyrotropin may be unsuitable to define decreased thyroid function in persons who are
severely obese.

At present, it is unclear if the slight elevation of TSH values present in obesity causes
weight gain or if it is due to obesity induced activation of the hypothalamus-pituitary-thyroid
(HPT) axis, causing an increase in serum TSH. In support of the latter theory, there are studies
that have found that thyrotropin values decrease following surgery [34,41]. In order to clear
up this question, Wang et al. [42] employed data from genome wide association studies
to carry out a bidirectional mendelian randomization analysis. They found that inverse
variance-weighted and mendelian randomization-Egger results indicated that genetically
driven circulating thyrotropin did not lead to changes in the body mass index or increased
body weight. Additionally, the inverse variance-weighted method showed that the circulating
thyrotropin values could be increased by a genetically predicted high body mass index. These
data clearly suggest that obesity can significantly increase TSH [42]. In addition, if increased
TSH is considered a consequence of increased adiposity, our clinical practice should be modified.
Slight increased thyrotropin in obese patients without any other data of decreased thyroid
function should be considered normal. Nevertheless, increased thyrotropin circulating levels
may elicit detrimental effects due to its actions in extra thyroidal tissues [43].

The consequences and mechanisms of increased circulating TSH in obese patients are
unclear. Different mechanisms could explain the relationship of decreased thyroid function
to increased adipose tissue [44]. There is a direct role of circulating thyrotropin levels in
the physiological regulation of thermogenesis [45]. Thyrotropin receptors are decreased
in obese patients when compared with normal subjects [46]. The elevation of circulating
thyrotropin levels may be due to a compensatory activation of the HPT axis in response to
increased adiposity [26]. In accordance with that hypothesis, in morbid obesity after weight
loss, a positive relationship between resting energy expenditure and free thyroxine (FT4)
has been found [47] and elevated FT4 has been found in obese patients [27]. This activation
could be mediated by central actions of the adipose tissue hormone leptin [48]. In contrast,
Marzullo [49] et al. have found that increased adiposity could trigger autoimmunity
against the thyroid, suggesting that increased adiposity could be a casual mechanism for
established thyroid disease.

The effect of bariatric surgery on postoperative thyroid activity evolution remains
incompletely understood. Several studies have found different results regarding the varia-
tion in circulating thyrotropin values following BS and the relation of thyrotropin variation
with weight decrement [28–33]. Most [29,30,32], but not all [28,33], studies have found a
decrease of circulating thyrotropin values post-intervention. Our group carried out a study
evaluating 129 euthyroid patients with morbid obesity before and after BS. Thyrotropin
declined over time, and the thyrotropin reduction was associated with the excessive BMI
loss [34]. Similar results have been found in the systematic review and meta-analysis
from Guan et al. [29]. Neves et al. [32] evaluated euthyroid obese subjects and found
that bariatric surgery induces a decrement of thyrotropin levels and that the decrease was
associated with the weight loss following BS. In contrast, Dall’Asta et al. [33] performed an
observational study evaluating healthy subjects and obese patients after gastric banding
induced weight loss and found that thyrotropin values did not change. Zhang et al. [28]
followed and evaluated obese subjects after RYGB surgery and found that thyrotropin
values remained stable. In the study of Guan et al., free thyroxine did not change following
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BS [29]. According to their data, in obese patients after BS, no variation was found in free
thyroxine or free triiodothyronine values [50].

The mechanisms of the thyrotropin decrease after bariatric surgery are not yet fully
understood. This fall of circulating thyrotropin levels is weight loss mediated and is not
due to an effect of bariatric surgery. A decrease of circulating thyrotropin has been found in
obesity after lifestyle change caused weight loss [51], and the decrement of the thyrotropin
values was associated with excessive weight loss following bariatric surgery [32,34], sug-
gesting that the decrease in thyrotropin is primarily due to the weight loss. The decrease of
circulating leptin values after bariatric surgery could be the mechanism responsible for the
decreased stimulation of the hypothalamus-pituitary-thyroid axis [48,52] and the decline of
circulating thyrotropin values. Besides, reduced thyrotropin receptor expression and thy-
rotropin resistance is improved by weight loss [46]. Moreover, due to the link between the
hypothalamus-pituitary-IGF-I axis and excessive adiposity [20–22,53,54] and the influence
of GH on the thyroid axis [55], the relationship between the hypothalamus-pituitary-IGF-I
axis and thyrotropin has been studied, but with negative results [34].

From a clinical perspective, the increased thyrotropin values in obesity stand out that
it is an important clinical problem to diagnose the presence of mild hypothyroidism in
obesity [25]. Hypothyroidism should be considered in obesity with marginally elevated
thyrotropin values only after measuring circulating levels of TH and thyroid autoantibod-
ies, and with data suggesting decreased TH action [25]. Marginally elevated circulating
thyrotropin values could be due to a compensatory response to morbid obesity and not
a real decreased thyroid hormone action [3]. Furthermore, these data do not suggest the
diminution of the upper limit of thyrotropin values [56,57] to diagnose hypothyroidism in
obese patients.

Elevated free thyroxine coexist with elevated thyrotropin in the clinical situation of
resistance to TH, an inherited rare disease [58,59]. There are two types of resistance to
thyroid hormone, hypothalamus-pituitary resistance, and decrease peripheral resistance to
TH’s actions. The pituitary resistance can be assessed measuring circulating TH values and
TSH values or more precisely with the thyrotroph T4 Resistance Index (TT4RI) and TSH
index (TSHRI) [60,61]. In extremely obese patients, TH values and thyrotropin values tend
to be elevated [62]. Hence, the increased thyroxine and high thyrotropin can be conciliated
if increased thyroxine and increased thyrotropin circulating values are due to a central resis-
tance to TH. Further, the resistance could be also present at a peripheral level. An acquired
mild resistance to thyroxine has been suggested by Tjorve et al. [63]. Laclaustra et al. [64]
have found a clear relation between central resistance to the thyroid hormone and the
prevalence of metabolic diseases like obesity and diabetes in a representative sample of the
population of the United States of America.

TH action is different for each tissue, depending on TH values and on the unique mix-
ture of cell membrane transporters, deiodinases, and thyroid hormone receptors present in
each tissue [65]. The resistance to TH indices measure pituitary resistance, the thyrotropin
inhibition by circulating free thyroxine values. Moreover, the presence of obesity suggests
decreased thyroid function and supports that peripheral resistance to the thyroid hormone
is also present [64]. Additionally, there are experimental models of reduced thyroid hor-
mone action in excessive adiposity [65,66]. Thyroid hormone receptors are diminished on
the adipose tissue of obese patients [46]. Moreover, the thyroid hormone receptor β has
been found to be related with disease severity in liver tissue from morbidly obese patients
with different phases of hepatic injury, following BS [67]. Furthermore, sensitivity to the
thyroid hormone could be epigenetically regulated [68]. Our group has found elevated
TT4RI and TSHRI in obese patients and these indices decline with weight loss [69], suggest-
ing that the elevation of circulating thyrotropin values and free thyroxine levels could be
due to a stimulation of the HPT axis [26].

The mechanisms that explain bariatric surgery induced diminution in the indices of
central resistance to the thyroid hormone are unclear. The decline in the indices of central
resistance to thyroid hormone has been found related to excessive weight loss following
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bariatric surgery [69]. This decline is likely due to weight loss itself. A diminution in
circulating thyrotropin levels has been found in obesity following lifestyle induced weight
loss [51] and the decline in thyrotropin levels has been found associated with excessive
weight loss after bariatric surgery [32,34]. According to these data, TH resistance improves
due to an increase in the reduced thyroid hormone receptor expression with weight loss [46].
The decrease in circulating leptin values [52], due to the decrease in body fat, could reduce
the pituitary stimulation of the thyroid axis [48] and induce a decrease of thyrotropin.
Nevertheless, leptin treatment did not modify the thyroid anatomy [70]. In the presence
of extreme resistance to insulin action, the prevalence of thyroid nodules and the goiter
is increased [70]. Conversely, Juiz-Valiña et al. could not find any relationship between
insulin resistance and TT4RI or TSHRI [69]. Growth Hormone secretion is altered in obese
patients [20–22,53,54], and circulating GH values could regulate the HPT axis. Growth
hormones increased, circulating free triiodothyronine, and diminished, circulating free
thyroxine values [55]. Growth hormone treatment in adult patients causes different changes
in the thyroid axis, the most important is decreased free thyroxine values [71,72]. In obesity,
there is a markedly decreased GH secretion, this alteration could be responsible of the
increased free thyroxine values. Juiz-Valiña et al. found no relationship between the GH-
IGF-1 axis and the central resistance to TH [69]. In contrast, indices of inflammation, such
as c-reactive protein, highly correlate with TT4RI or TSHRI in obesity [69]. In accordance
with those results, SG induces thyrotropin diminution in obesity, which correlates with
an improved inflammatory state after BS [73]. In summary, the results of Juiz-Valiña et al.
suggest that the decrease in TT4RI or TSHRI following bariatric surgery is primarily due to
weight loss and the improved inflammatory state could be a contributory factor [69]. These
data also suggest that the improvement of thyroid function is another benefit of bariatric
surgery [74]. Recently reduced pituitary sensitivity to TH has been found to be associated
with diabetes and hypertension in a representative group of Iranian euthyroid subjects [75].
These data reinforce the importance of the relation between reduced central sensitivity to
thyroid hormone with metabolic diseases. The most important aspects of thyroid function
in obesity and the effect of bariatric surgery are summarized in Table 1.

Table 1. Thyroid function in obesity and the effect of bariatric surgery.

Thyroid Function in Obesity and the Effect of Bariatric Surgery

- In severe obesity, thyrotropin is moderately increased. The slightly elevated thyrotropin in
obese patients is due to increased adiposity.

- Weight loss provokes a diminution of the elevated thyrotropin values. The decrease of
thyrotropin after BS is dependent on the excessive weight loss.

- BS improves the subclinical hypothyroidism of morbid obesity.

- Morbid obesity is characterized by a mild central resistance to the thyroid hormone. Weight
loss induced with BS cause a reduction in the increased pituitary resistance to thyroid
hormone.

BS, Bariatric Surgery.

3. Thyroid Hormone Treatment in Obese Patients with Hypothyroidism and the Effect
of Bariatric Surgery

Actually, it is not clear what happens to the dose of thyroxine in hypothyroid patients
after bariatric surgery. Thus, there is a clear need of additional studies [76]. Further-
more, the effect of distinct bariatric surgery techniques on levothyroxine absorption is not
clear [77]. Ojomo et al. [35] have studied thyroid hormone replacement after thyroidec-
tomy in 122 patients and they conclude that the present standard of weight-based thyroid
hormone replacement (THR) does not adequately dose underweight and overweight pa-
tients [35]. The most common starting dose of levothyroxine after a total thyroidectomy is
1.6 μg/kg [78]. This dose is adjusted based on circulating thyrotropin levels and clinical
data. The dosage recommendations are often ambiguous, regarding whether the dose is
based on the current total body weight (BW), estimated ideal BW (IBW) or estimated lean
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body weight (LBW). Obese subjects can develop hyperthyroidism if dosing is based on the
same data used for non-obese subjects [79]. A more adequate thyroid hormone replacement
should include the BW and body mass index of the obese patient [78].

The altered thyroxine absorption induced by bariatric surgery has been analyzed, albeit
with questionable results. Since the introduction of obesity surgery in clinical practice,
doubts about altered drug absorption have been featured [80,81]. Decreased thyroid
function treatment mandates oral THR, and there are concerns about its adequacy after
bariatric surgery [36]. The primary thyroxine absorption site is the small intestine in
the jejunum and the ileum [37]. Various endogenous and exogenous factors may disturb
intestinal levothyroxine absorption [82]. Bariatric surgery could probably be included in the
list of factors that alter intestinal levothyroxine absorption [76]. Surgery procedures with
gastric restriction (gastric banding and sleeve gastrectomy), are procedures that modify
drug absorption less than procedures involving intestinal diversion [83]. Levothyroxine
absorption has been found similar before and after RYGB [36]. Different studies have found
an increased need for levothyroxine after jejunoileal bypass techniques [84–86]. These data
are in keeping with the increased thyrotropin levels found in patients treated with the
same levothyroxine dose after bariatric surgery [87,88]. Furthermore, others have found
a diminution in thyroxine needs after BS [38,89]. Rudnicki et al. [90] have described that
bariatric surgery improved thyroid function in hypothyroidism. Similar improvements in
levothyroxine doses after bariatric surgery have been found by other authors [89,91,92].
A recent meta-analysis [41] has found that bariatric surgery promotes a decrease in the
total levothyroxine requirement. In the study of Pedro et al. [77], the total levothyroxine
dose before and 12 months following bariatric surgery was similar, however, the thyroxine
dose/kg of actual weight was increased. Other authors have found similar results with a
decrease or no change in the total levothyroxine requirement, but an increase of the weight-
based levothyroxine requirement after bariatric surgery [93]. Our group has encountered
that, following bariatric surgery, the total levothyroxine or the levothyroxine dose/kg of
IBW did not change; however, the levothyroxine dose/body surface area, levothyroxine
dose/kg of actual BW, levothyroxine dose/kg of adjusted BW and levothyroxine dose/kg
of LBW increased [94].

It has been encountered that the weight-based daily levothyroxine dose increased fol-
lowing a Roux-en-Y Gastric Bypass, with no significant changes after sleeve gastrectomy [95].
These result highly suggest that sleeve gastrectomy and a Roux-en-Y Gastric Bypass showed
different changes in levothyroxine needs. However, in agreement with Pedro et al. [77], our
group study did not find the bariatric surgery technique to be a predictor of levothyroxine
dose variation [94]. Similar results have been found by other authors; both sleeve gastrectomy
and a Roux-en-Y Gastric Bypass improved thyroid function in the same way [90]. These data
support that both procedures have similar effects on levothyroxine absorption. Altered gastric
emptying modifies the levothyroxine absorption [96], and altered gastric emptying is present
in the Roux-en-Y Gastric Bypass and sleeve gastrectomy [97]. This could be the mechanism
that explains the similar results between the malabsorptive and restrictive techniques.

The mechanisms for bariatric surgery levothyroxine dose variations are unclear. Ru-
bio et al. [36] have found a delay of levothyroxine absorption in the surgically-treated
patients. Gkotsina et al. [40] have encountered that the pharmacokinetic data were similar
following a Roux-en-Y Gastric Bypass, and that levothyroxine pharmacokinetics improve
after a biliopancreatic diversion [40]. Conversely, has been found that by employing the
same dose of levothyroxine before and after bariatric surgery, the serum TSH increased
following bariatric surgery [88]. Levothyroxine needs are increased with malabsorptive
procedures, and results about thyroxine needs with procedures combining restrictive and
malabsorptive techniques are conflicting. This could be due to the different schedule of
levothyroxine ingestion, the diverse effects of bariatric surgery and other endogenous
and exogenous factors, like other drugs administration [97,98]. In obese, diabetic patients
with primary hypothyroidism and treated with levothyroxine, metformin treatment pro-
vokes a decrease in circulating TSH [99]. Most of the studies have found that bariatric
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surgery induces a decrease in total levothyroxine dose [41]. Nevertheless, the different
characteristics of the studies does not make it possible to draw definitive conclusions about
the net effect on levothyroxine needs [100]. Furthermore, the evaluation of levothyroxine
dosing is not always adjusted for weight and so does not allow for a correct comparison
of the data. Lean body mass modification after bariatric surgery could also contribute
to the change in levothyroxine doses [79]. Rudnicki et al. [90] have found a decrease of
levothyroxine dosage after bariatric surgery in hypothyroid patients. Moreover, impaired
levothyroxine pharmacokinetics in obese patients have been indicated [93]. In summary,
in most of the studies, weight loss following bariatric surgery provokes a diminution in
total levothyroxine needs. Juiz-Valiña et al. have found that in obese hypothyroid patients
treated with BS, the absolute levothyroxine dose did not change, nor did the levothyroxine
dose/kg of IBW, but the levothyroxine dose/body surface area, levothyroxine dose/kg
of actual BW, or levothyroxine dose/kg of LBW significantly increased [94]. A change
in the absolute levothyroxine dose and levothyroxine dose/kg of IBW was not related to
excessive weight loss. On the contrary, excessive weight loss was related to an increase in
the levothyroxine dose/body surface area, and levothyroxine dose/kg of present BW [94].
These data suggest that the thyroid hormone replacement change after bariatric surgery
is due to a mixed mechanism, a decrease in levothyroxine needs due to weight loss and
a decrease in levothyroxine absorption due to the surgical procedure. Decreased thyroid
function treated patients could be metabolically different when compared with normal
subjects. Accordingly, it has been found that obese hypothyroid women on levothyroxine
therapy, with normal circulating thyrotropin values, have a diminished energy expendi-
ture, suggesting that standard levothyroxine replacement does not fully correct metabolic
alterations related to hypothyroidism [101]. Furthermore, other studies have encountered
that hypothyroid patients treated with levothyroxine showed higher adiposity and similar
insulin resistance, but healthier lipid levels compared with euthyroid obese patients [102].

The best way to titrate the levothyroxine dose for patients with decreased thyroid
function and increased adiposity is not clear [78]. A weight-based dosing of the thyroid
hormone inappropriately overdoses obese patients [78]. A better way for thyroid hormone
dosing could consider other aspects, such as both the weight and BMI of the obese patient,
and recommended using either the present weight of the obese subject with adjustment of
the dose, considering the BMI or the adjusted BW [78]. Other authors have considered that
the best way to titrate the levothyroxine dose is taking into account lean body mass [79].
In obese patients with a diminished thyroid function, the demand for levothyroxine is
increased due to augmented fat mass and lean body mass [30]. Furthermore, in a multivari-
able analyses study, the levothyroxine dose was predicted by the amount of fat-free mass,
hypothyroidism etiology, and the sex of the patients [102]. Juiz-Valiña et al. observed that
in extreme obese patients, after bariatric surgery the levothyroxine dose/kg of IBW did
not change, however, the levothyroxine dose/body surface area, levothyroxine dose/kg
of actual BW, or levothyroxine dose/kg of lean BW increased [94]. In summary, thyroid
hormone replacement titration in hypothyroid patients with excessive adiposity can be
adjusted more correctly based on IBW. The most important aspects of thyroid hormone
treatment in obese patients with hypothyroidism and the effects of bariatric surgery are
summarized in Table 2.
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Table 2. Thyroid hormone treatment in obese patients with hypothyroidism and the effects of
bariatric surgery.

Thyroid Hormone Treatment in Obese Patients with Hypothyroidism and the Effects of
Bariatric Surgery

- In hypothyroid severe obese patients following BS-induced weight loss, the total
levothyroxine dose decreased, the levothyroxine dose/kg of IBW did not change and the
levothyroxine dose/kg of actual BW increased.

- In hypothyroid severe obese patients, after BS, the weight lost was inversely correlated with
the levothyroxine dose/body surface and levothyroxine dose/kg of actual BW. The absolute
levothyroxine dose and the levothyroxine dose/kg of IBW was not related with weight loss

- The levothyroxine needs and its change after BS was similar for SG and RYGB

- Thyroid hormone replacement in patients with obesity and hypothyroidism can be more
adequately adjusted if it is based on IBW.

BW, body weight; IBW, ideal body weight; BS, Bariatric Surgery; RYGB, Roux-en-Y-Gastric Bypass; SG, Sleeve
Gastrectomy.

4. Conclusions and Clinical Implications

In morbidly obese patients, TSH is moderately increased (Table 3). Weight loss pro-
vokes a diminution of the elevated thyrotropin values. This decrease of thyrotropin after BS
is dependent on the excessive weight lost. These data suggest that the moderately elevated
thyrotropin values present in obese patients are due to the increased adiposity of obesity.
From a clinical practice point of view, diagnosing mild hypothyroidism is difficult in severe
obesity, and BS improves the mild hypothyroidism of severe excessive adiposity (Table 4).

Table 3. Essential points.

Essential Points

- In morbid obese patients, thyrotropin is moderately increased.

- The slightly elevated thyrotropin encountered in obese patients is reversible with weight
loss and due to the increased adiposity.

- Morbid obesity is characterized by a slight pituitary resistance to thyroid hormones that is
reversible with BS-induced weight loss

- In hypothyroid patients treated with levothyroxine and with obesity, following BS-induced
weight loss, the total levothyroxine dose decrease, the levothyroxine dose/kg of actual
weight increase and the levothyroxine dose/kg of IBW was stable, in most of the studies.

IBW, ideal body weight; BS, Bariatric Surgery.

Table 4. Clinical implications.

Clinical Implications

- Clinically, the diagnosis of subclinical hypothyroidism is difficult in severe obesity, and BS
improves the mild subclinical hypothyroidism present in severe obesity.

- The levothyroxine needs following BS were similar for SG and RYGB.

- From a clinical practice perspective, thyroid hormone replacement in patients with obesity
and hypothyroidism can be more adequately adjusted if it is based on IBW.

IBW, ideal body weight; BS, Bariatric Surgery; RYGB, Roux-en-Y-Gastric Bypass; SG, Sleeve Gastrectomy.

Morbid obesity is characterized by a mild reversible pituitary resistance to the thyroid
hormone. Weight loss induced with bariatric surgery causes a reduction in the increased
pituitary resistance to TH.

In morbid hypothyroid obese patients, following weight loss, the total levothyroxine
dose decreased and the levothyroxine dose/kg of IBW did not change in most of the studies.
However, the levothyroxine dose/kg of actual BW increased.

In morbid hypothyroid obese patients, after BS, the diminution in the percentage of
weight lost was significantly inversely correlated with the levothyroxine dose/body surface
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and the levothyroxine dose/kg of actual BW. Additionally, the absolute levothyroxine dose
and the levothyroxine dose/kg of IBW was not related with weight loss.

The levothyroxine needs and its change after bariatric surgery was similar for Sleeve
Gastrectomy and Roux-en-Y-Gastric Bypass.

From a clinical practice perspective, thyroid hormone replacement in patients with
obesity and hypothyroidism can be more adequately adjusted if it is based on IBW, and
RYGB does not affect levothyroxine absorption differently from SG.
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Abstract: Background: In sarcopenic patients the skeletal muscle reduction is the primary symptom
of age- or disease-related malnutrition, which is linked to postoperative morbidity and mortality.
The skeletal muscle mass index (SMI) from magnet resonance imaging (MRI) is increasingly used as
a prognostic factor in oncologic and surgical patients, but under-represented in the field of obesity
surgery. The bioelectrical impedance analysis (BIA), on the other hand is a commonly used method for
the estimation of the body composition of bariatric patients, but still believed to be inaccurate, because
of patient-related and environmental factors. The aim of this study was to compare the postoperative
SMI values as a direct, imaging measured indicator for muscle mass with the BIA results in patients
undergoing Roux-en-Y gastric bypass (RYGB). Methods: We performed a prospective single-center
trial. Patients undergoing RYGB between January 2010 and December 2011 at our institution were
eligible for this study. MRI and BIA measurements were obtained 1 day before surgery and at 6,
12 and 24 weeks after surgery. Results: A total of 17 patients (four male, 13 female, average age
of 41.9 years) were included. SMI values decreased significantly during the postoperative course
(p < 0.001). Comparing preoperative and postoperative measurements at 24 weeks after surgery,
increasing correlations of SMI values with body weight (r = 0.240 vs. r = 0.628), phase angle (r = 0.225
vs. r = 0.720) and body cell mass (BCM, r = 0.388 vs. r = 0.764) were observed. Conclusions: SMI
decreases significantly after RYGB and is correlated to distinct parameters of body composition.
These findings show the applicability of the SMI as direct imaging parameter for the measurement of
the muscle mass in patients after RYGB, but also underline the important role of the BIA, as a precise
tool for the estimation of patients’ body composition at low costs. BIA allows a good overview of
patients’ status post bariatric surgery, including an estimation of sarcopenia.

Keywords: skeletal muscle mass; bioelectrical impedance analysis; Roux-Y gastric bypass

1. Introduction

Obesity is a global health challenge and the main risk factor for diseases such as type
2 diabetes, cardiovascular morbidity, hypertension, sleep apnea, skeletal pain syndromes,
psychological disorders, cancer and even early death [1]. Bariatric surgery has proven to be
an effective strategy in treating obesity [2].

The main objective of Roux-en-Y gastric bypass (RYGB) is weight loss and improve-
ment of metabolic comorbidities. Together with weight reduction, bariatric surgery leads
to a change in body composition. Especially the fat mass decreases throughout the first
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months after surgery. Within this period, body cell mass (BCM), lean body mass (LBM), and
absolute muscle mass and strength often also decrease [3–7]. The postoperative changes
of those parameters are associated with weight loss, physical performance and risk of
malnutrition and can be direct or indirect signs of a reduction in muscle mass [8,9].

Taking this into account, it is important to monitor the body composition and the
skeletal muscle mass before and after bariatric surgery. There are different tools available
to measure or estimate the BCM, LBM and the skeletal muscle status, such as bioelectrical
impedance analysis (BIA), Dual-energy X-ray absorptiometry (DxA), handgrip dynamome-
try (HD) or imaging techniques including MRI and CT scan [10–12].

The analysis of single-layer images (CT scan or MRI) is used to quantify whole body
muscle mass in vivo. The cross-sectional area of skeletal muscles (SMA, cm2) at the level
of the third lumbar vertebra (L3), normalized for height, can be used to calculate the
skeletal muscle index (SMI, cm2/m2), which is linearly related to the whole-body muscle
mass [13,14].

BIA is commonly performed for the evaluation of pre- and postoperative body com-
position delivering the parameters BCM, extracellular mass (ECM), LBM and body fat. The
phase angle reflects the quality of LBM [15]. The BIA provides accurate values comparable
to those obtained by dual-energy X-ray absorptiometry (DXA) at low cost [10]. It measures
body component resistance and capacitance by recording a voltage drop in applied current.
Capacitance causes the current to lag behind the voltage, which creates a phase shift. This
shift is quantified geometrically as the angular transformation—the phase angle [5].

The general loss of muscle mass is defined as sarcopenia. The term “sarcopenic
obesity” describes the co-presence of sarcopenia and obesity. SMI is a surrogate parameter
for sarcopenia and thus, a reduction of SMI is related to physical disability, increased
morbidity and even mortality in surgical patients. This has been investigated mostly in
geriatric and oncologic patients [16–19].

In patients after bariatric surgery, the role of SMI pre- and postoperatively is rarely
described in literature. The correlation between SMI- and BIA- measurements remains
controversial [20].

This study aims to investigate if the BIA as a common technique for estimating the
body composition is still robust in comparison with the SMI measured by MRI in a cohort
of patients undergoing RYGB.

2. Materials and Methods

Patients: Between January 2010 and December 2011, an open, prospective, single
center study was conducted at our institution investigating postoperative changes in body
composition in bariatric patients via MRI and BIA measurements. Patients undergoing
RYGB were included in the study. Further inclusion criteria were BMI 35–60 kg/m2, body
weight < 200 kg, adequate patient compliance, waist circumference < 136 cm (MRI gantry
diameter) and age > 18 years. Patients with contraindications for MRI or not willing or able
to give informed consent were excluded from the study. The primary analysis of this study
has been published previously [12]. For this post-hoc analysis, the SMI was measured
retrospectively using the MRI studies performed in the prospective trial.

Bioelectrical Impedance Analysis Bioelectrical impedance measurements were con-
ducted according to standard protocols using a multiple frequency four-lead BIA instru-
ment (Nutriguard-M, Data Input GmbH, Pöcking, Germany). Calculations for phase angel,
body cell mass (BCM), extracellular mass (ECM), lean body mass (LBM), ECM/BCM,
body fat (BF) and total body water (TBW) were made using the Nutriguard Plus software
(version 5.4, Data Input GmbH, Pöcking, Germany).

Magnetic Resonance Imaging: Abdominal MRI exams were obtained using a 1.5 Tesla
whole-body scanner (MAGNETOM Avanto, Siemens Healthengineers, Erlangen, Germany)
following standard clinical protocols. The anatomical coverage was from the upper edge of
the liver to beneath the third lumbar vertebra level.
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Skeletal Muscle Mass Index: SMI was determined as published previously [20]. The
SMI for each individual was calculated from MRI using two adjacent axial images within
the same series. Total muscle cross-sectional area (cm2) at L3 was determined and averaged
for each patient: The lumbar vertebrae 3 was identified, and the following muscles were
selected using aycan workstation pro software (version 3.12.000, aycan Digitalsysteme
GmbH, Würzburg, Germany): rectus abdominis, abdominal (lateral and oblique), psoas,
and paraspinal (quadratus lumborum, erector spinae). Muscle area in centimeters squared
(cm2) was calculated and then normalized for patient’s height in meters squared (m2) and
reported as lumbar SMI (cm2/m2).

Statistical analysis: Mean and standard deviation were calculated for quantitative
variables. Qualitative variables were quoted as absolute numbers and relative frequencies.
With the range or interquartile range, the median was presented for skewed or ordinally
scaled parameters. Changes in parameters between measurements were examined using
analysis of variance for repeated measurements. Post hoc analyses for pairwise mean
comparisons were performed using the Scheffé method. For correlation analyses, Pearson
correlation coefficient was determined. A test result was considered statistically significant
if p < 0.05. Statistical analyses were performed using the SAS statistical analysis software
(SAS release 9.4, Cary, NC, USA).

3. Results

A total of 17 patients were included in the study; four male and 13 female. The average
age of the patients was 41.9 years. Mean initial body weight was 119.34 ± 11.86 kg and
mean initial BMI was 42.96 ± 4.5 kg/m2. All patients underwent RYGB. Among other
elements of the preoperative preparation like psychological, endocrinology- and nutrition
expert assessment, every patient has documented at least 2.5 h of self-organized physical
activity per week. When considering comorbidities, seven patients had no secondary
disease, five had hypertension, four had sleep apnea, two had diabetes and one had GERD
and knee arthrosis, respectively (Table 1).

Table 1. Demographic characteristics of the respondents.

Demographic Characteristics (n = 17)

Age
Mean ± SD (Range (Max − Min)) 41.9 ± 11.1 (35 (61 − 26))

Age group
<=35 6 (35.3)

36–46 6 (35.3)
>=47 5 (29.4)

Gender
Male 4 (23.5)

Female 13 (76.5)
Initial body weight (kg)

Mean ± SD (Range (Max − Min)) 119.34 ± 11.86 (47.6 (144.1 − 96.5))
Initial BMI (kg/m2)

Mean ± SD (Range (Max − Min)) 42.96 ± 4.5 (15.9 (52.3 − 36.4))
Initial SMI (cm2/m2)

Mean ± SD (Range (Max − Min)) 52.65 ± 7.06 (28.39 (68.89 − 40.5))
Comorbidities

No Secondary disease 7 (50.0)
Hypertension 5 (35.7)

Sleep Apnea 4 (28.6)
Diabetes 2 (14.3)

GERD 1 (7.1)
Knee arthrosis 1 (7.1)

Note: The value is shown as mean ± sd (range) or n (%). Abbreviation: BMI, body mass index; SMI, skeletal
muscle index; GERD.
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There were no postoperative surgical complications. MRI, as well as BIA, was per-
formed one day before surgery (t1) as well as 6 weeks (t2), 12 weeks (t3) and 24 weeks (t4)
after surgery. Measurements at t1 and t2 were complete for all patients while at t3 and t4
they were only complete in 11 and 7 patients, respectively.

Table 2 shows the mean values of the respective parameters measured by BIA and
the SMI measured by MRI as described above. In Table 3 the p-values for the respective
comparisons are given. Changes in body weight and BMI are significant between t1 and
t2, t2 and t3, but not between t3 and t4. Overall, most pronounced changes are observed
between t1 and t2 (before surgery and 6 weeks after surgery). As expected, the body fat
is significantly reduced after bariatric surgery. We did not find any further significant
reduction between t3 and t4. Nevertheless, the LBM as well as BCM and ECM/BCM Index
changed after surgery with a significant reduction of LBM and BCM between t1 and t2 and
an almost significant reduction when comparing t2 to t4. The reduction of BCM results
in an increase of the ECM/BCM Index, indicating malnutrition. The muscle mass also
decreased over the observed time period being displayed by SMA measurement in BIA and
SMI measurement in MRI imaging. The reduction of muscle mass is significant comparing
the status before and after surgery but also between t2 and t4.

Table 2. Body composition and skeletal muscle index at the different time points.

t1 t2 t3 t4

Body weight (kg) 119.34 ± 11.86 103.67 ± 14.89 97.25 ± 10.87 92.59 ± 8.96
BMI (kg/m2) 42.96 ± 4.5 37.31 ± 5.69 34.72 ± 5.8 34.33 ± 4.62

Basal metabolic rate (kcal) 1685.29 ± 171.36 1558.24 ± 186.76 1546.36 ± 205.97 1547.14 ± 248.98
Phase angle (◦) 6.38 ± 0.88 5.56 ± 0.93 5.31 ± 1.01 5.7 ± 1.26

TBW (kg) 44.39 ± 7.58 44.14 ± 7.64 44.57 ± 6.55 43.09 ± 7.15
LBM (kg) 63.38 ± 10.34 60.31 ± 47.30 60.89 ± 8.93 58.87 ± 9.79
ECM (kg) 29.55 ± 5.74 30.5 ± 5.87 31.52 ± 4.45 29.37 ± 4.81
BCM (kg) 33.83 ± 5.45 29.81 ± 5.90 29.38 ± 6.55 29.51 ± 7.83

Index (ECM/BCM) 0.88 ± 0.13 1.04 ± 0.19 1.11 ± 0.25 1.06 ± 0.36
BF (kg) 55.96 ± 6.97 43.36 ± 8.99 36.35 ± 7.79 33.71 ± 6.45
BF (%) 47.02 ± 5.04 41.70 ± 6.01 37.28 ± 6.20 36.59 ± 6.66

SMA (cm2) 146.73 ± 23.96 127.82 ± 24.71 124.22 ± 23.76 116.42 ± 29.37
SMI (cm2/m2) 52.65 ± 7.06 45.67 ± 6.62 43.84 ± 7.14 42.48 ± 7.86

Results are presented as mean ± standard deviation. t1 = before surgery, t2 = 6 weeks after surgery, t3 = 12 weeks
after surgery, t4 = 24 weeks after surgery. BMI = body mass index, TBW = total body water, LBM = lean body
mass, ECM = extracellular mass, BCM = body cell mass, BF = body fat, SMA = skeletal muscle area, SMI = skeletal
muscle index.

Table 3. Comparison of BIA parameters between the different time points.

t
Body

Weight
BMI

Basal
Metabolic
Rate (kcal)

Phase
Angle

TBW LBM ECM BCM ECM/BCM BF (kg)
BF
(%)

SMA SMI

1 vs. 2 <0.0001 <0.0001 <0.0001 0.0007 0.0002 0.0002 0.6115 <0.0001 0.0075 <0.0001 0.0002 <0.0001 <0.0001
1 vs. 3 <0.0001 <0.0001 <0.0001 0.0002 <0.0001 <0.0001 0.5693 <0.0001 0.0013 <0.0001 <0.0001 <0.0001 <0.0001
1 vs. 4 <0.0001 <0.0001 <0.0001 0.0052 <0.0001 <0.0001 0.9972 <0.0001 0.0079 <0.0001 <0.0001 <0.0001 <0.0001
2 vs. 3 0.0032 0.0045 0.4868 0.7336 0.7074 0.7029 0.9939 0.452 0.6751 0.0038 0.0074 0.5178 0.5735
2 vs. 4 <0.0001 <0.0001 0.0569 0.9557 0.0054 0.005 0.7076 0.0636 0.7784 0.0002 0.0015 0.0298 0.0416
3 vs. 4 0.1042 0.076 0.5251 0.9863 0.0658 0.0626 0.6024 0.5838 1 0.3965 0.7147 0.3509 0.3857

p-values for comparison between the respective time points. t1 = before surgery, t2 = 6 weeks after surgery,
t3 = 12 weeks after surgery, t4 = 24 weeks after surgery. BMI = body mass index, TBW = total body water,
LBM = lean body mass, ECM = extracellular mass, BCM = body cell mass, BF = body fat, SMA = skeletal muscle
area, SMI = skeletal muscle index.

Figures 1–3 reveal the quartiles, interquartile range (IQR) and outliers for the variables
BMI, SMI and SMA for different time points.

Table 4 summarizes the Pearson Correlation Coefficient r for comparison of SMI with
the parameters of body composition measured by BIA. No relevant correlation can be
observed between BMI and SMI, but we found a correlation between the phase angle, BCM,
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ECM/BCM—Index and SMI. The higher the phase angle, the higher the SMI. The same
applies to BCM. The higher the ratio of ECM/BCM, the lower the SMI.

Table 4. Correlation of SMI with BIA parameters.

t
Body

Weight
BMI

Basal
Metabolic
Rate (kcal)

Phase
Angle

TBW LBM ECM BCM ECM/BCM BF (kg)
BF
(%)

SMA

1 0.24085 0.38667 0.38526 0.22527 0.28819 0.28748 0.15098 0.3879 −0.24203 −0.0167 −0.18213 0.74816
2 0.42458 0.30951 0.66135 0.51569 0.476 0.4753 0.18051 0.66573 −0.50681 0.1514 −0.14671 0.82661
3 0.27591 0.2205 0.65462 0.72809 0.40136 0.40183 −0.16068 0.66083 −0.71336 −0.07564 −0.24256 0.79288
4 0.62821 0.18605 0.76101 0.71963 0.58433 0.58561 −0.05668 0.76404 −0.64093 −0.01619 −0.30592 0.87446

Pearson Correlation Coefficient r. t1 = before surgery, t2 = 6 weeks after surgery, t3 = 12 weeks after surgery,
t4 = 24 weeks after surgery. BMI = body mass index, TBW = total body water, LBM = lean body mass,
ECM = extracellular mass, BCM = body cell mass, BF = body fat, SMA = skeletal muscle area, SMI = skele-
tal muscle index.

Figure 1. Box plot for BMI for different time points.

Figure 2. Box plot for SMI for different time points.
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Figure 3. Box plot for SMA for different time points.

Applying the cut-offs for sarcopenia introduced by Prado et al. [21] (SMI < 52.4 cm2/m2

for men and <38.5 cm2/m2 for women), 12% of the patients were sarcopenic before surgery
(one man and one woman), 17% were sarcopenic at 6 weeks after surgery, 45% at 12 weeks
after surgery and 57% at 24 weeks after surgery.

4. Discussion

In the current study, we investigated the changes in the SMI measured on a single L3-
MRI layer as a direct indicator for the skeletal muscle mass of obese patients undergoing
a RYGB procedure compared to BIA. To our knowledge, the direct comparison of those
two methods is novel. The SMI is rarely discussed in literature, concerning bariatric
surgical patients, but it is widely recognized as a direct parameter of the muscle mass status,
because of the high accuracy and low susceptibility to external factors, in many other fields
of medicine [21]. BIA on the other side is an often-used tool, which is still not considered
sufficiently reliable, because of dependence on patient related and environmental factors,
such as fasting and exercise status, previously to the measurement. Our results show a
strong correlation between the SMI and the main parameters of the BIA (phase angle, LBM,
BCM and the ECM/BCM—Index), which indicates that both methods are comparable
in terms of estimating the change in body composition after bariatric surgery. These
findings are in line with a publication of Walowski et al., considering that single computed
tomography or MRI layers and appendicular lean soft tissue by DXA or BIA can be used as
a valid substitute for total skeletal muscle mass. All diagnostics show a high correlation
concerning body composition with results from whole body imaging in cross-sectional and
longitudinal analyses [22]. BIA is a very feasible and inexpensive method for determination
of the body composition. The determination of SMI by MRI is a very exact method in
patients with mild obesity, but still MRI is more expensive and more time consuming than
BIA. Our results clearly show that BIA, performed under standardized setting, has a good
applicability and precision as a direct, imaging measured method as the SMI determination.
Both methods, BIA and MRI, can be used for the estimation of body composition and
presence of sarcopenia in patients after RYGB. The reliability of BIA has been previously
described by our study group [5,11,12]. In our center we routinely use the BIA throughout
the preparation of our patients for bariatric procedure, as well as in the follow up. This
technique is feasible at low costs and the present study shows, that its results are resilient
in comparison to the SMI derived from MRI. We are not doing MRI exams routinely in our
patients, but we determine it in case of preexisting cross- sectional imaging.

Lee et al. also described that SMI values significantly correlate to BIA parameters
among RYGB- patients, but not with the percent decrease after the procedure. These

346



J. Clin. Med. 2022, 11, 1468

findings are in principle in line to our results, even though only one CT- scan after 6 months
was performed postoperatively [20].

The reduction of SMI as well as BCM, LBM and phase angle in the first six months
after RYGB, detected in our study, is in line with the findings of Alba et al. The authors
also describe a significant decline of total LBM and absolute muscle strength, along with
weight loss and fat mass reduction during the first year after RYGB [4]. Davidson et al. also
demonstrated a decrease of SMI and fat free mass (FFM) during the phase of extensive
weight loss in the first year after RYGB, but subsequent changes in MRI- measured muscle
mass were minimal during the further follow up of 4 years [23]. According to these results,
LBM and skeletal muscle mass reduction occurs frequently after bariatric surgery and
mainly during the first year after surgery. In the meantime, Alba et al. described that even
during the first year after RYGB, the decline of the muscle mass does not necessarily lead
to poor clinical status of the patients. Their study showed a significant improvement in
physical performance tasks despite a decrease of muscle mass. This fact could be explained
by changes in biomechanics, which simply make it easier for a person to move around
after weight loss. Nonetheless, maintaining more muscle mass or strength leads to greater
functional improvements, and future research should address a range of strategies to
optimize postoperative physical performance [4].

Two of our patients (11.8%) were sarcopenic according to the Prado- definition [24]
before RYGB- procedure. Both patients were still sarcopenic 6 months after surgery. At that
time point 57% of the examined patients were sarcopenic. Similar findings were made by a
French group, detecting 32% obese patients with sarcopenia using SMI measured by MRI,
one year after laparoscopic sleeve gastrectomy. However, only 8% of this cohort was in a
sarcopenic condition before surgery [25].

The combination of low muscle mass and strength with obesity can further deteriorate
the health status and physical performance of bariatric patients. Still, to date, the exact
clinical meaning of these findings remains unclear. Sarcopenia seems to occur frequently
in combination with obesity and is deteriorated in the early phase after bariatric surgery,
indicating a special need for detection prior to surgery and an intense follow-up during the
postoperative period. Structured programs, including an ongoing nutritional counseling
and even structured rehabilitation programs, might be necessary to prevent patients from
developing further sarcopenia and malnutrition. Hansen et al. demonstrated the important
role of physical activity and exercise intervention in order to improve postoperative health
benefits in terms of changes in body weight and fat mass, muscle mass and strength and
physical fitness [26]. In contrast to our findings, Zamboni et al. reported that the “sarcopenic
obesity” seems to play an important role in elderly patients, causing age- related gain of
fat tissue and loss of muscle mass and also elderly subjects having a great health risk due
to sarcopenic obesity [27]. In addition, such interventions lead to a better preservation
of muscle strength, muscle mass, endurance capacity, and bone mineral density as well
as greater quality of life [28]. Previous BIA studies clearly explain the importance of the
preoperative determination of body composition and muscle mass status among bariatric
surgical patients, describing the predictive value of the phase angle (parameter of the BIA)
on postoperative body composition and potential weight loss [5,15].

5. Conclusions

Sarcopenia is a major problem in patients with obesity and can deteriorate further
after bariatric surgery. Our data verify the accuracy of the BIA- parameters for muscle mass
in comparison to the exact measurement of the SMI in single L3 layer of the abdomen. Both
methods can detect the condition of sarcopenia in bariatric patients as an important factor
for body composition before and after surgery. Patients should be screened for a reduction
in muscle mass preoperatively as well as during long-term follow-up. Further, prospective
trials are needed to investigate the exact clinical relevance of short-term and long-term
sarcopenia after surgery.
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6. Limitations

Our study has some limitations, one of them being the relatively small number of
participants and the number of patients lost to follow-up during the end of the study. The
small sample size of this study and the heterogeneity of our patient cohort in terms of
gender, BMI and age did not allow us to perform more specific or complex statistical tests
as multivariate regression analysis to reinforce our statement. Still, we were able to provide
sequential BIA and SMI by MRI, which allowed us to give an overview of the development
of body composition and muscle mass in the first months after RYGB.
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Abstract: Background: Prehabilitation is a strategy used aiming to reduce the risk factors and
complications of surgery procedures, but there is no consensus on the effectiveness of supervised
physical exercise and its optimal prescription during this phase. Objectives: To determine the effects
of exercise prehabilitation on body composition, functional capacity and quality of life in candidates
for bariatric surgery. Search methods: A search was conducted in PubMed, Web of Science, SciELO,
Scopus, MEDLINE and CINAHL. Selection criteria: Only randomized clinical trials that examined
the effectiveness of supervised physical exercise were included. The main outcomes were body
composition, functional capacity, quality of life and surgical outcomes. Data collection and analysis:
Two researchers independently selected the literature, extracted the data and evaluated the risk of
bias. A third researcher was consulted when a consensus was not reached. The risk of bias was
assessed by the tool recommended by the Cochrane Collaboration, the quality of the evidence by
GRADE, and to analyze the effects of prehabilitation on the primary objectives, RevMan software,
version 5.3 was used. Main results: The search resulted in 4550 articles, of which 22 met the eligibility
criteria, leaving 5 articles selected for this review. One article was assessed as a high bias risk and
four as an uncertain risk, which included 139 candidates for bariatric surgery. Most of the studies
evaluated the body composition, functional capacity and quality of life; none reported surgical
outcomes. Conclusions: Supervised physical exercise has positive effects on the body composition,
functional capacity and quality of life; there was no evidence for surgical outcomes, which opens up
a field of study for future research of this population.

Keywords: prehabilitation; bariatric surgery; obesity; physical exercise; quality of life

1. Introduction

Obesity is a chronic disease that is progressive, recurrent and creates health problems,
depending on the topographical location of excessive fat deposits. The most common health
problems are metabolic syndrome, high blood pressure, sarcopenia, osteopenia, diabetes
mellitus, obstructive sleep apnea syndrome, dyslipidemia, depression and anxiety disorder,
among others [1]. Therefore, several treatment pharmacological, non-pharmacological and
surgical strategies have been proposed [2]. In this sense, bariatric surgery (BS) has proven
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to be effective in solving comorbidities and promoting long-term weight loss in people
with obesity [3].

When a patient undergoes major abdominal surgery, such as BS, evidence suggests
that the proper preparation decreases the risks associated with the surgical procedure and
promotes a recovery that includes a higher pain tolerance, fewer hospital stays, less need
for rehospitalization and less surgical complications in the short and long term (e.g., venous
thrombosis, surgical wound dehiscence, bowel obstruction and adhesions development,
among others) [4–6].

Enhanced Recovery After Surgery (ERAS) is the current protocol used by different
surgical specialties to promote post-op recovery [7]. Regarding BS, the ERAS protocol
recommends several procedures and lifestyle changes, including diet control and the use
of some specific pharmacological prescription [7]. In addition, patients are encouraged
to participate in a preoperative weight loss program [6]. In that regard, it is well-known
that exercise has multiple benefits for a person’s physical and mental health, especially for
those with obesity. Exercise has been used as one of the main strategies for weight control
and in the treatment of different associated comorbidities, contributing to glycemic control;
lowering resting blood pressure and improving body composition, cardiorespiratory fitness,
sleep quality and quality of life [8,9]. Therefore, regular physical exercise could have an
important role in wight loss programs during prehabilitation for BS. However, despite
some randomized controlled trials (RCTs) having addressed this subject [10–12], there is
currently no clarity regarding its effectiveness on surgical outcomes (e.g., hospitalization
days, post-op pain tolerance, short- and long-term complications, rehospitalization, etc.);
mortality and other indices to support its recommendation in the ERAS protocol for BS [13].

Therefore, the objective of this systematic review is to determine the effect of prehabil-
itation on the body composition, functional capacity, quality of life and surgical outcomes
in patients who are candidates for BS.

2. Materials and Methods

The protocol for this systematic review was registered on PROSPERO; the registered
number is: CRD42021261474 [14]. This systematic review was conducted in accordance
with the PRISMA guidelines.

2.1. Search Plan and Literature Selection

The articles were searched in the following electronic databases: PubMed, Web of
Science, SciELO, Scopus, MEDLINE and CINAHL between 1 and 31 July 2021 without
restrictions of language or publication date. The descriptors used were: “Prehabilitation”,
“Physical Exercise”, “Body Composition”, “Functional Capacity”, “Quality of Life”, “Surgi-
cal Outcomes” and “Bariatric Surgery”; for the combinations of these, the Boolean operators
“AND” and/or “OR” were used. All studies were exported to the 5.4 version of StArt (State
of the Art through Systematic Review) software (developed by the Federal University of
São Carlos).

2.2. Types of Participants/Population

Inclusion criteria
Eighteen-year-old adults or older, both sexes and candidates for a first bariatric surgery

who were included in a prehabilitation program were included.
Exclusion criteria
Candidates for a second BS or reconversion surgery were excluded.

2.3. Types of Intervention/Exposition

For this review were considered randomized controlled clinical trials that applied
supervised physical exercise programs described as aerobic exercise training, resistance
exercise training or included both, with a duration of at least one week and performed
before bariatric surgery.
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2.4. Types of Comparator/Control

The control was considered as a group receiving no intervention or only the stan-
dard care, defined as advice, counseling, brochures or leaflets on various health topics or
educational intervention of any kind.

2.5. Types of Outcome/Results Measurements

The studies were included if they reported the effect of the intervention on one or
more of the following outcomes: (1) Body composition: evaluated through dual-energy
x-energy absorptiometry or bioelectrical impedance; (2) Functional capacity: evaluated
through a functional test, for example, the six-minute walk test (6MWT), the direct or
indirect maximum rate of oxygen consumption (VO2 max), the sitting to standing test
or the step test among others; (3) Quality of life: evaluated through any quality of life
questionnaire and (4) Surgical outcomes such as the number of hospital stay days, the need
for rehospitalization within 30 days and post-op complications at 30 days were initially
considered. However, they were disregarded, since these outcomes were not reported by
any of the included studies.

2.6. Studies Selection

Two researchers (AH and GA) examined, independently, the studies that were identi-
fied by the search strategy using the 5.4 version of the StArt software. They were firstly
identified by reading the title and the abstract. In order to be selected, the abstracts had to
clearly identify the studies’ design, population, intervention and outcome measurements,
as previously described. In the event of a disagreement, a third researcher (GW) was
consulted who determined whether the article was included or not. Then, both researchers
moved on to reading the entirety of the potentially eligible articles and examined their
eligibility according to the inclusion criteria. Again, if there was a disagreement, a third
researcher was consulted. Conference reports and letters to the editor were excluded.

2.7. Data Extraction

After selecting the studies, two researchers (AH and GA) independently extracted the
data according to a “standard data extraction form” created by two researchers from the
team (AZ and AH). In the event of a disagreement between the reviewers, the data was
subjected to consensus or arbitration by a third reviewer (GW). Both reviewers conducted
a pilot test of data extraction using the standard data extraction form on two random-
ized controlled clinical trials that were related to exercise and its effect on cardiovascular
risk factors.

2.8. Risk of Bias Assessment

The studies’ risk of bias was independently evaluated by two researchers (AH and
GA) through the “Cochrane Risk of Bias Tool”, with 6 bias domains: selection, realization,
detection, attrition, report and others. Each domain is qualified as a high, low or uncertain
risk of bias (https://www.bmj.com/content/343/bmj.d5928, accessed on 25 October 2021).
Punctuation disagreements were discussed between them until a consensus was reached;
in case there was no agreement, a third researcher (GW) was consulted.

2.9. Evaluation of the Quality of Scientific Evidence

The quality of evidence in the studies was evaluated under GRADE (Grading of Rec-
ommendations Assessment, Development and Evaluation) criteria, including the study’s
limitations, the consistency of the effect, the inaccuracy, the evidence, and the publication
bias. The webpage www.gradepro.org was used.

2.10. Statistical Analysis

A meta-analysis was carried out using Review Manager software (RevMan, ver-
sion 5.3). Continuous outcomes were meta-analyzed using a random effects model and
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standard mean differences (SMDs). Heterogeneity was quantified by the I-squared (I2) test
and classified as low: I2 < 25%, moderate: I2 = 25.1–50% and high: I2 > 50.1%.

3. Results

3.1. Article Selection

Figure 1 shows the flow chart pertaining to the identification of the studies and the
selection process of these. The results from searching the database were 4550 articles, of
which 626 were extracted while screening, because they were duplicates. Thus, 3924 were
analyzed by reading the title and its abstract, excluding 3902; then, 22 met the eligibility
criteria, 17 were excluded when the entire article was read and, finally, 5 studies were
included in this review.

Figure 1. Article identification PRISMA flow chart.

3.2. Articles’ Descriptions

Table 1 shows, in detail, the description of each article. The five articles selected for
review and meta-analysis were published between 2010 and 2021 in English; four of them
were performed on the American continent [11,15–17] and one in Europe [18].
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Table 1. Description of each article.

[18] Arman et al. (2021)

Randomization Software Stratified by Sex and Age Was Used.

Participants

21 participants: 1 man—20 women.
Institution: Rehabilitation and Physical Therapy Department, Health Sciences Department,
Istanbul University-Cerrahpasa.
Country: Turkey.
Inclusion criteria: candidates to a BS, 18 years or older, both sexes.
Exclusion criteria: participants with comorbidities that prevent their participation in the
prehabilitation program like the existence of acute pain, cardiac pain or a previous dolor heart
attack, cardiac failure, diabetes, or uncompensated hypertension.

Intervention

Program of the institution:
1. Warm-up (10–15 min): walk was performed on a treadmill; heart rate was monitored with a
pulse oximeter and as a goal it was set at 50 to 60 heartbeats.
2. Load (30–45 min): exercises for core stabilization were progressively performed in supine
position, long sitting position, knee position, crawling position, foot over one leg position and
sitting on a ball as exercise. Involved a combination of strengthening, resistance, and balance
exercises, along with breathing. Exercises for each main muscle group were performed during 2
cycles of 7 and 10 repetitions at a moderate intensity of 50% of maximum repetition. As sessions
progressed the number and intensity of exercises were gradually increased.
3. Cool down (10 min): stretching large muscle groups like hamstrings, hip flexors, shoulder
muscles, etc.
Total days of training: 16.
Duration of intervention: 8 weeks.
Frequency per week: 2 times.
Load adjustment: not detailed in the text.

Outcome measurements

1. Body composition: BMI, fat mass in kg, fat mass in %, free fat mass in kg.
(Bioelectrical impedance analysis).
2. Functional capacity: 6MWT, chair stand test, postural stability test, abdominal strength, core
flexor strength, modified push up test.
3. Quality of life: OSQOL.
4. Surgical objectives: not studied in the research.

Global risk bias Uncertain.

[11] Baillot et al. (2016)

Randomization Used software stratified by sex and maximum aerobic capacity (> o ≤ 7 MET).

Participants

29 participants: 7 men—22 women.
Institution: Centre hospitalier universitaire de Sherbrooke (CHUS), Quebec.
Country: Canada.
Inclusion criteria: candidates to BS, 18 years old or older, both sexes.
Exclusion criteria: participants with comorbidities that prevent their participation in the
prehabilitation program like a medical contraindication to practice physical activity, functional
limitations that do not allow them to perform the 6MWT, not understanding the French language,
or decompensated neuro-psychiatric pathology.

Intervention

Gym program:
1. Warm-up (10 min).
2. Aerobic phase: 30 min of exercise (treadmill, walking circuit, arm ergometer, elliptical machine)
3. Resistance phase: 20 to 30 min.
4. Cool down: 10 min.
Total days of training: 24.
Intervention duration: 12 weeks.
Frequency per week: 2 times.
Load adjustment: Aerobic: according to HRR from 55 to 75/80%. 8 levels were determined: A:
55%, B: 55%, C: 55%, D: 55%/65%, E: 65%, F: 65%/75%, G: 75% and H: 75%/85%. The duration was
of 24 min at an A level and 30 min during rest. Resistance: increased from 2 to 3 sets, from 12 to 15
repetitions and at a weight of 5 to 12 lbs. for men, and 2 to 10 lbs. for women.
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Table 1. Cont.

Outcome measurements

1. Body composition: BMI, fat mass in %.
(Bioelectrical impedance analysis).
2. Functional capacity: 6MWT, chair stand test, half squat test, arm curl test.
3. Quality of life: WRQOL.
4. Surgical objectives: not studied in the research.

Global risk bias High.

[15] Baillot et al. (2018)

Randomization Used software stratified by sex and maximum aerobic capacity (> o ≤ 7 MET).

Participants

25 participants: 5 men—20 women.
Institution: Centre hospitalier universitaire de Sherbrooke (CHUS), Quebec.
Country: Canada.
Inclusion criteria: candidates to a BS, 18-year-old or older, both sexes.
Exclusion criteria: participants with comorbidities that prevent their participation in the
prehabilitation program like a medical contraindication to practice physical activity, functional
limitations that do not allow them to perform the 6MWT, not understanding the French language,
or decompensated neuro-psychiatric pathology.

Intervention

Gym program:
1. Warm up: 10 min.
2. Aerobic phase: 30 min of exercise on the treadmill, walking circuit, arm ergometer, elliptical
machine, aerobic dance.
3. Resistance phase: 20 to 30 min with small equipment, elastic bands, medicine balls, dumbbells,
sticks.
4. Cool down: 10 min.
Total days of training: 36.
Intervention duration: 12 weeks.
Frequency per week: 3 times.
Load adjustment: Aerobic: according to a HRR from 55 to 75/80% (there are no more details in the
article).

Outcome measurements

1. Body composition: BMI, free fat mass in %.
(Bioelectrical impedance analysis).
2. Functional capacity: 6MWT, half squat test.
3. Quality of life: WRQOL.
4. Surgical objectives: not studied in the research.

Global risk bias Uncertain.

[16] Funderburk
et al. (2010)

Randomization Unexplained.

Participants

7 participants: 1 man, 6 women.
Institution: Hospital Pitt County Memorial, Rehabilitation center, Greenville.
Country: United States of America.
Inclusion criteria: candidates to a BS, 18 years old or older, both sexes.
Exclusion criteria: no reports in the article.

Intervention

Program of the institution:
The program included a warmup with exercises (walking in the water), strength and resistance
exercises, and Ai Chi exercises for balance, core strengthening, and relaxation. Ai Chi is an aquatic
exercise that was designed to increase relaxation, range of motion, and mobility. It is performed
standing with the water at shoulder level using a combination of deep breathing and complete slow
movements of the lower and superior extremities, as well as the torso. (There are no more details in
the article).
Total days of training: 24.
Intervention duration: 12 weeks.
Frequency per week: 2 times.
Load adjustment: not detailed in the article.
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Table 1. Cont.

Outcome measurements

1. Body composition: not studied in the article.
2. Functional capacity: 6MWT, chair stand test, postural stability test, abdominal strength, core
flexor strength, modified push up test.
3. Quality of life: SF 36.
4. Surgical objectives: not studied in the research.

Global risk bias Uncertain.

[17] Marcon et al. (2017)

Randomization In blocks of 12 participants.

Participants

57 participants: 6 men—51 women.
Institution: Hospital de Clinicas de Porto Alegre, Porto Alegre.
Country: Brazil.
Inclusion criteria: candidates to a BS, 18 years old or older, both sexes.
Exclusion criteria: participants with comorbidities that prevent their participation in the
prehabilitation program, participating in another supervised exercise program, patients with a class
III or IV of heart functional capacity, orthopedic problems, severe retinopathy, severe neuropathy,
drug addiction, severe mental illness, severe metabolic decompensation (250 mg/DI of blood
glucose, systolic pressure over 200 mmHg, diastolic pressure over 100 mmHG).

Intervention

Gym program:
Included aerobic exercise and stretching, intensity was measured by Borg’s scale, using a range
between 2 to 4, considering it low to moderate intensity respectively. Arm and leg movements were
alternated, moving to simulate walking. Stretching included: arms, legs, torso, and neck for 6 min
after the aerobic phase in each session. (There are no more details in the article).
Total days of training: 32.
Intervention duration: 16 weeks.
Frequency per week: 2 times.
Load adjustment: not detailed in the article.

Outcome measurements

1.- Body composition: BMI.
(Bioelectrical impedance analysis)
2.- Functional capacity: 6MWT, VO2 max from equations after the test.
3.- Quality of life: not studied in the research.
4.- Surgical objectives: not studied in the research.

Global risk bias Uncertain.

BS: bariatric surgery, BMI: body mass index, 6MWT: 6-min walk test, OSQOL: Obesity-Specific Quality of life,
HRR: heart rate reserve, WRQOL: Weight-Related Quality of Life, SF 36: quality of life questionnaire related
to health.

3.3. Participants

A total of 139 participants were enrolled in the five selected studies. The data from
115 participants were used for the meta-analysis on the body composition (BMI) [11,15,17,18],
75 participants for the fat mass percentage (FM%) [11,15,18], 46 for the free fat mass
(FFM Kg) [15,18], 61 participants for the meta-analysis of the 6MWT [17,18] and 53 par-
ticipants for the meta-analysis of the quality of life total score [15,16,18]. Regarding the
demographics characteristics of the included studies, the sample size varied between 7 and
57 participants, the age ranged between 28 and 54 years old, 116 participants were women
and all the studies included men.

3.4. Types of Intervention/Exposition

The duration of the intervention programs in the included studies ranged from 8 to
16 weeks. Twelve weeks of intervention were used in three out of the five articles [11,15,16].
One study had an intervention session frequency of three times a week [15] and twice a
week. The duration of each session varied between 25 and 80 min, and the location was ei-
ther a hospital gym or an educational institution where the researchers belonged [11,15–18].
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In regards to the type of training, the combination of aerobic and resistance exercise
was used in three studies; the other two used aerobic [11] and resistance [18] training sepa-
rately. The average amount of sessions was 26.4, with a range between 16 and 32 sessions.

3.5. Types of Comparator/Control

Only one study did not use any kind of intervention as a control [16]. Standard care
was used for the rest of the studies, counseling being the one used most. One study added
cognitive–behavioral therapy to the standard care [17].

3.6. Risk of Bias Evaluation

Figures 2 and 3 show detailed results of the general risk of bias evaluation and the
evaluation per study, respectively. The randomization generation sequence (selection bias)
was judged as a low risk in all the included studies. On the other hand, the selective
reporting data (report bias) was classified as an uncertain risk in all the studies. A high
risk of bias can be noted in 20% of the included articles for the following items: incomplete
results data (attrition bias), blinding of the participants and personnel (performance bias)
and for other biases.

Figure 2. Evaluation of the general risk of bias.
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Figure 3. Risk of bias evaluation per study [11,15–18]. Red (-) = high risk of bias; Yellow (?) = un-
known risk of bias; Green (+) = low risk of bias.

3.7. Prehabilitation Effects on the Outcome Measurements
3.7.1. Body Composition

Four studies measured the body composition and reported the BMI [11,15,17,18],
FM% [11,15,18] or FFM, expressed in kilograms [15,18]. Other indexes were reported, such
as abdominal fat in percentage, abdominal muscular mass in kilograms and fat mass in
kilograms. However, they were not used for the meta-analysis, since it was only one
study [18]. Overall, the results indicated no significant effect of prehabilitation in favor of
the experiment or controls for body composition indexes (p > 0.05). Figure 4 shows the
forest plot for BMI using the random effects model to compare the experimental versus
control groups. The results showed a pooled effect of −0.71 (IC95%: −1.55 to 0.1; p = 0.09).
The heterogeneity was 76%, and the quality of evidence was very low (Table 2).

Figure 4. Forest plot of the body composition and the BMI subgroup [11,15,17,18].
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Table 2. Quality of evidence for the body composition, BMI, FM% and FFM Kg.

Certainty Assessment No. of Patients Effect

Certainty
No. of

Studies
Study Design Risk of Bias Inconsistency Indirectness Imprecision

Other Consid-
erations

Aerobic Physical
Exercise,

Resistance or
Both

Standard
Care (no
Exercise)

Relative
(95% CI)

Absolute
(95% CI)

4 randomised
trials Serious a Serious b not serious Serious c none 54 61 -

SMD 0.71 SD
fewer

(1.55 fewer to
0.12 more)

⊕���

Very low

3 randomised
trials Serious d not serious not serious not serious none 39 36 -

SMD 0.38 SD
more

(0.47 fewer to
1.85 more)

⊕⊕⊕�

Moderate

2 randomised
trials Serious e not serious not serious not serious none 24 22 -

SMD 0.41 SD
fewer

(1 fewer to 0.18
more)

⊕⊕⊕�

Moderate

a Downgraded one level due to risk of bias (>25% of the participants were from studies with a high risk of
bias). b Downgraded one level due to clear inconsistency of results. c Downgraded one level due to imprecision.
d Downgraded one level due to risk of bias (>25% of the participants were from studies with a high risk of bias).
e Downgraded one level due to risk of bias (both studies with uclear risk of bias).

Regarding the effect of an intervention on the FM% (Figure 5), the three studies
included in the analysis resulted in a pooled effect of 0.38 (CI95%: −0.08 to 0.84; p = 0.11).
The heterogeneity was 0%, and the quality of the evidence was moderate (Table 2).

Figure 5. Forest plot of the body composition for the FM% subgroup [11,15,18].

Figure 6 shows the analysis of the FFM kg subgroup. The pooled effect size was −0.41
(IC95%: −1.00 to 0.18; p = 0.17) and a heterogeneity of 0%, with a moderate quality of
evidence (Table 2).

Figure 6. Forest plot of the body composition for the FFM Kg subgroup [11,18].

3.7.2. Functional Capacity

All studies evaluated the functional capacity. The 6MWT was the most used test. Two
studies reported the results as the distance traveled in meters [17,18] and one in the number
of total steps [16]. Baillot studies [11,15] did not show the values for the test results, which
is why they were not included in the meta-analysis.

The VO2 max was an outcome reported for only one study, which was estimated from
a 6MWT equation [17]. Other indicators were used for the outcome report: the chair stand
test [11,15,17,18], postural stability test, abdominal strength, core flexor strength and the
modified push-up test were not analyzed statistically.

Figure 7 and Table 3 show the random effect analysis of the functional capacity for the
6MWT and the quality of evidence, respectively. The pooled effect was 2.59 (IC95%:1.89–3.30;
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p < 0.0001) in favor of exercise, showing a low heterogeneity (I2 = 0%) and high quality
of evidence.

Figure 7. Forest plot of the functional capacity for the 6MWT [17,18].

Table 3. Quality of evidence for the functional capacity of the 6MWT.

Certainty Assessment No. of Patients Effect

Certainty

No. of
Studies

Study Design Risk of Bias Inconsistency Indirectness Imprecision
Other Consid-

erations

Aerobic
Physical
Exercise,

Resistance or
Both

Standard
Care (no
Exercise)

Relative
(95% CI)

Absolute
(95% CI)

2 randomised
trials not serious not serious not serious not serious none 33 28 -

SMD 2.59 SD
more

(1.89 more to
3.3 more)

⊕⊕⊕⊕
High

3.7.3. Quality of Life

Four studies evaluated the quality of life [11,15,16,18]: the SF-36 questionnaire, Weight-
Related Quality of Life (WRQOL) and Obesity Specific Quality of Life (OSQOL) were used.
Baillot et al. (2016) [11] did not report the post-intervention values, so it was not included in
the meta-analysis. The SMD was used to combine the results of the three included studies.
The random effect model resulted in a pooled effect size of 0.88 (CI95%: 0.23–1.99; p = 0.12;
Figure 8), and the quality of evidence was moderate (Table 4).

Figure 8. Forest plot of the quality of life total score [15,16,18].

Table 4. Quality of evidence for the quality of life total score.

Certainty Assessment No. of Patients Effect

Certainty

No. of
Studies

Study Design Risk of Bias Inconsistency Indirectness Imprecision
Other Consid-

erations

Aerobic
Physical
Exercise,

Resistance or
Both

Standard
Care (no
Exercise

Relative (95%
CI)

Absolute
(95% CI)

3 randomised
trials seriousa not serious not serious not serious none 28 25 -

SMD 0.88 SD
more

(0.23 fewer to
1.99 more)

⊕⊕⊕�

Moderate

3.7.4. Surgical Outcomes

No study reported the results for this outcome measurement.

4. Discussion

This systematic review’s objective was to determine the effect of prehabilitation on the
body composition, functional capacity, quality of life and surgical outcomes in patients who
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are candidates for bariatric surgery. In the last 10 years, a series of studies have evaluated
the effects of physical training programs in the context of BS; most of which were done after
the surgery. To the best of our knowledge, only two reviews [19,20] reported the effects
of exercise on BS candidates in some variables considered in this study, but they did not
perform a meta-analysis. Moreover, only two studies included in the previous reviews
were RCTs, strengthening the relevance of the present study.

The results of this systematic review of RCTs showed that supervised exercise as
prehabilitation before BS has positive effects on the body composition (i.e., BMI, FM% and
FFM Kg); functional capacity (6MWT) and quality of life. In this sense, our results corrobo-
rate the findings of previous systematic reviews on this subject [19,20], who reported, in a
descriptive manner, similar results.

The international guidelines for the current treatment recommend that exercise pro-
grams for weight loss in obesity prioritize continuous aerobic exercise with a moderate
intensity and complement this approach, whenever possible, with resistance training [21].
Although these recommendations are for people who are in nonsurgical treatment for
obesity, aerobic exercise was the mostly used intervention modality in the included studies.
Three studies combined aerobic and resistance training [11,15,16], one study used only
resistance training [18] and the other one used only aerobic exercise [17]. On the other
hand, the intensity was heterogenous among the included studies. Regarding the intensity
of aerobic exercise, two studies prescribed intensities ranging from 55% to 75/80% of the
reserve heart rate [11,15], one study prescribed the exercise intensity ranging from 2 to 4 on
the Borg CR10 scale [17] and one did not present details on the exercise intensity [16]. For
resistance training, one study prescribed exercise at 50% of one maximal repetition [18],
two studies prescribed the resistance intensity according to sex [11,15] and one study did
not report details on the intensity prescription [16]. The study that found the greatest
improvement on the BMI prior to BS was Marcon et al. (2017) [17], while the greatest
improvement in the quality of life was that reported by Arman et al. (2021) [18]. In ad-
dition, both studies [17,18] reported significant improvements on the functional capacity.
Therefore, considering the protocols are mostly heterogenous among the included studies,
it is not possible to conclude what type of training and intensity are the most suitable and
effective for BS candidates. Future RCT studies should address this subject to better guide
clinicians during prehabilitation.

Regular physical exercise has several effects on metabolism [22]. It is documented that,
on obese people, aerobic training at a moderate intensity improves many comorbidity mark-
ers associated with it, such as glucose metabolic alteration, dyslipidemia and hypertension,
as well as those indicating cardiovascular disease risk factors (e.g., systematic inflammation,
oxidative stress and diabetes) [22,23]. Moreover, it also increases free fatty acids oxidation
and reduces the total fat and visceral fat [24]. At a muscular level, the increase of the
mitochondrial content as an effect from aerobic training at a moderate intensity has a
series of metabolic effects (e.g., a higher rate of fatty acid oxidation, a higher breakdown
of carbohydrates and a better glucose uptake in the cells, among others), contributing to
improving their performance during exercise and, therefore, functional capacity [25]. Those
factors could explain the results found in this systematic review.

Regarding the quality of life, the current results corroborated the findings of Car-
raça et al. (2021) [26]. The authors conducted a systematic review and meta-analysis on
the effects of exercise on the quality of life and other psychosocial variables in participants
overweight and obese. The results showed that exercise has a positive effect on the quality
of life. Regular physical exercise helps in treating depression and anxiety; reduces stress
levels, improves sleep quality and has positive effects on the performance of daily life
activities, which translates to a better quality of life for people with obesity [26].

5. Study Limitations

Although this systematic review and meta-analysis has methodological strengths,
some limitations must be mentioned. First, the search for information was performed
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by only one researcher (AH); however, the terms and search strings were defined by the
researchers in collaboration with a university-based librarian with experience in systematic
reviews. Second, the fact that there are a limited number of studies that evaluate preop-
erative interventions can influence the meta-analysis results. Consequently, the results
are not conclusive yet. Finally, these results show evidence of the need for studies that
include a greater number of participants and other relevant variables such as postoperative
complications, days of hospital stay, the need for rehospitalization within 30 days after the
surgery, pain tolerance, etc.

6. Conclusions

Prehabilitation has positive effects on the body composition, functional capacity and
quality of life in patients who are candidates for bariatric surgery. Apparently, supervised
aerobic training at a frequency of two times a week and a duration of 45–60 min per session
for 12 weeks is the most preferred protocol used for this population. However, there is still
a lack of research studying the effects of exercise as a prehabilitation on surgical outcomes.
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Abstract: Background: Obesity, and in particular extreme obesity, as a global health problem is
an important risk factor for many diseases, including atherosclerotic cardiovascular disease (ACVD).
Bariatric surgery might stop or slow atherogenesis by decreasing excessive weight in the early
stages of atherogenesis, by suppressing low-grade systemic inflammation as well as by inhibit-
ing oxidative stress and endothelial dysfunction. The aim of this meta-analysis was to provide
an answer to whether bariatric surgery has a significant effect on intima-media thickness (IMT) which
is a surrogate marker of early atherosclerosis and has a good correlation with atherosclerotic coronary
heart disease. Methods: A systematic literature search in PubMed, Scopus, Embase, and Web of
Science as well as grey literature was performed from inception to 1 July 2022. The meta-analysis was
performed using Comprehensive Meta-Analysis (CMA) V3 software. Overall, the estimate of effect
size was measured by a random effects meta-analysis. To account for the heterogeneity of studies
regarding study design, characteristics of the populations, and treatment duration, a random-effects
model (using the DerSimonian–Laird method) and the generic inverse variance weighting approach
were used. To assess the existence of publication bias in the meta-analysis, the funnel plot, Begg’s
rank correlation, and Egger’s weighted regression tests were used. Results: The meta-analysis of
30 trials, including 1488 subjects, demonstrated a significant decrease in IMT after bariatric surgery.
The reduction in IMT was also robust in the leave-one-out sensitivity analysis. It must be stressed
that the results of the random-effects meta-regression did not suggest any relationship between the
changes in IMT and delta body mass index (BMI) or duration of follow-up after the bariatric surgery.
However, the subgroup analyses showed a better IMT reduction after laparoscopic sleeve gastrectomy
(LSG) when compared to Roux-en-Y gastric bypass (RYGB). Within a year, the IMT follow-up values
showed a further improvement. Conclusions: Bariatric surgery significantly reduced IMT. Significant
associations were found between the surgery type and IMT changes, as well as a significant effect of
follow-up duration on the changes of IMT after bariatric surgery.

Keywords: obesity; bariatric surgery; intima-media thickness; atherosclerosis; meta-analysis;
coronary heart disease
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1. Introduction

Almost all countries are witnessing a pandemic of overweight and obesity with
a devastating trend, which is best illustrated by the fact that obesity has nearly tripled
since 1975. In 2016, more than 1.9 billion adults aged 18 years and older were overweight
and 3% of the world’s population, or more than 650 million people, were obese with
an increasing prevalence [1]. In most developed countries, the rates of obesity are much
higher so that, for example, in the USA more than 40% of adults are obese [2]. It is well
known that obesity as a global health issue is also an important risk factor for many
diseases, including atherosclerotic cardiovascular disease (ACVD), and it is associated with
an increased ACVD morbidity and mortality [3]. This is primarily explained by a systemic
low-grade inflammatory state in obesity which is not only a risk for ACVD but also for
metabolic syndrome (MetSy), type 2 diabetes mellitus (T2DM), nonalcoholic fatty liver
disease (NAFLD), nonalcoholic steatohepatitis (NASH), chronic kidney disease, different
types of cancers, and other inflammatory diseases, including pancreatitis, psoriasis, atopic
dermatitis, and autoimmune arthritis [4–8]. Obesity is also associated with oxidative
stress which may promote the development of vascular wall lesions causing endothelial
dysfunction; thus, predisposing the arterial wall to morphological and functional damages
leading to atherogenesis.

No matter how it is achieved, weight reduction decreases the risk of ACVD, cardio-
vascular events, as well as cardiovascular and total mortality. Bariatric surgery is a surgical
treatment, which is used primarily for patients who are severely obese to decrease their
excessive weight. The types of bariatric surgery are sleeve gastrectomy (SG), laparoscopic
adjustable gastric band (LAGB), Roux-en-Y gastric bypass (RYGB), biliopancreatic diver-
sion/duodenal switch (BPD/DS), and one anastomosis gastric bypass/mini gastric bypass
(OAGB/MGB) [9]. There are data suggesting the positive impact of bariatric surgery on
several cardiometabolic indicators [10–15]. There have been reports indicating that bariatric
surgery might prevent or slow down atherogenesis in the early stages by breaking the
vicious circle between inflammation and endothelial dysfunction [16].

Measuring intima-media thickness (IMT), particularly carotid IMT (CIMT), by ultra-
sonography is considered to be a surrogate marker of early atherosclerotic changes in the
arteries. This could help to improve the prediction of cardiovascular events in different arte-
rial territories because of the positive correlation between increased IMT and atherosclerotic
changes in coronary arteries, i.e., with coronary heart disease (CHD) [17–20]. Therefore,
IMT is used in predicting CHD and improving the cardiovascular risk prediction models.
Although some studies have suggested that bariatric surgery has a beneficial effect and
might decrease IMT, other studies could not find any change in IMT in obese patients after
bariatric surgery.

Following bariatric surgery, several cardiovascular-related risk factors can be im-
proved, including insulin resistance, type 2 diabetes, hypertension, and hyperlipidemia;
however, it is worth mentioning that these improvements are not the only effect of weight
loss [21,22]. Since obesity provokes an inflammation-prone environment, bariatric surgery
seems to decrease cytokines involved in this process, especially CRP and IL-6, as shown in
a recent meta-analysis [23–25].

Since the data concerning the effects of bariatric surgery on IMT are conflicting, the
aim of this systematic review and meta-analysis is to provide a clear answer as to whether
bariatric surgery can decrease IMT or not.

2. Methods

2.1. Search Strategy

The 2009 preferred reporting items for systematic reviews and meta-analysis (PRISMA)
guidelines were used to prepare this systematic review and meta-analysis [26]. PubMed,
Scopus, Embase, Web of Science, as well as grey literature (CareSearch, Google, and the
Grey Literature Report), and all reference lists of retrieved articles were searched from
inception to 1 July 2022 using the following keywords in titles and abstracts: (“intima
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media thickness” OR “intima-media thickness” OR “carotid intima media thickness” OR
“carotid intima media” OR “artery intima media thickness” OR “intima media thickness
measurement” OR “intima media thickness cardiovascular” OR “carotid intima media
thickness measurement” OR “intima-media thickness measurements” OR “carotid intima
media thickness cardiovascular” OR “intima-media thickness” OR CIMT OR IMT OR
“carotid intima-media thickness” OR “carotid intima media” OR “Carotid atherosclero-
sis” OR “intima-media”) AND (“bariatric surgery” OR gastroplast* OR “gastric bypass”
OR “Roux-en-Y” OR “gastric band” OR “biliopancreatic diversion” OR gastrectom* OR
“duodenal switch” OR “weight loss surgery” OR “gastrointestinal diversion” OR gastroen-
terostom* OR “jejunoileal bypass” OR “obesity surgery” OR “weight-loss surgery” OR
“bariatric procedure” OR “sleeve surgery” OR “metabolic surgery”).

2.2. Study Selection

All studies investigating the effects of bariatric surgery on carotid intima media
thickness (CIMT) were included, based upon our pre-determined inclusion criteria. Case
studies, non-English studies, reviews, and animal studies were not considered. A study had
to provide documented CIMT data before surgery and after a post-operative observation
period to be included in this meta-analysis. This systematic review and meta-analysis was
not registered in any registry.

2.3. Data Extraction

All titles and abstracts were separately screened by two authors (TJ and MA). When
there was a disagreement concerning the eligibility of a study, the paper was examined
collaboratively, and a decision was reached. Study characteristics (the name of the primary
author, the year of publication, study design, type of surgery, length of follow-up, health
status of the participants, major clinical and demographic variables, values of IMT, and
sample size) were extracted from each study.

2.4. Quality Assessment

The Newcastle–Ottawa Scale (NOS) was used to estimate the quality of the studies
included in this meta-analysis [27,28]. This scale considers three features of each quali-
fied study: (1) study patient selection (4 elements); (2) study population comparability
(one item); and (3) exposure determination (3 items) in case-control studies or result of
interest in cohort studies.

2.5. Quantitative Data Synthesis

The meta-analysis was performed using Comprehensive Meta-Analysis (CMA) V3
software (Biostat Inc., Englewood, NJ, USA) [29]. The weighted mean difference (WMD)
with relevant CIs was determined for continuous outcomes. From each group, sample sizes,
means, and standard deviations were obtained for each relevant outcome to calculate WMD.
Overall, the estimate of effect size was measured by a random effects meta-analysis. To
account for the heterogeneity of studies with regard to study design, characteristics of the
populations, and treatment duration, the random-effects model (using the DerSimonian–
Laird method) and the generic inverse variance weighting approach were used [26]. Sen-
sitivity analysis using the leave-one-out approach (i.e., deleting one study each time and
repeating the analysis) was applied to analyze the effect of each study on the overall effect
size [30].

2.6. Meta-Regression

To investigate the association between BMI change and follow-up duration after
surgery with the estimated effect size, these parameters were included into a random-effect
meta-regression model.
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2.7. Subgroup Analysis

A subgroup analysis was completed to describe heterogeneity, and to further charac-
terize outcomes for the type of surgery and follow-up period.

2.8. Publication Bias

The funnel plot, Egger’s weighted regression, as well as Begg’s rank correlation tests
were used to examine the presence of publication bias in the meta-analysis. The “trim and
fill” approach was used to insert potentially missing studies when there were indications of
funnel plot asymmetry. In the case of a significant result, the number of potentially missing
studies needed to make the p-value non-significant was determined using the “fail-safe N”
approach as another evidence of publication bias [31].

3. Results

Among 356 published studies identified by a systematic databases search, 173 were
directly related to the topic of this study. In total, 143 studies were excluded after careful
evaluation (43 studies were reviews, 38 studies were excluded because they did not match
the inclusion criteria, 34 studies did not report sufficient data, and 8 were non-English
papers). Therefore, 30 studies which evaluated IMT after bariatric surgery were included
(Table 1). Figure 1 shows the process of study selection.

Figure 1. Flowchart of the included studie.
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3.1. Quality Assessment of the Included Studies

In cohort studies, although most of the selected studies [16,32,33,35–46,48–60] showed
representativeness of the cases, the majority of them were distinguished by a lack of
nonexposed group definition information. Since most of the studies did not include
a control group, they were not assessed for comparability. In case-control studies [34,47],
the included studies met the selection and exposure criteria. Quality assessment of the
selected studies is presented in Tables 2 and 3.

3.2. Effect of Bariatric Surgery on IMT

The meta-analysis of 30 trials, including 1488 subjects, demonstrated a significant
decrease in IMT after bariatric surgery (WMD: −0.081, 95% CI: −0.101, −0.061, p < 0.001)
(Figure 2A). The reduction in IMT was robust in the leave-one-out sensitivity analysis
(Figure 2B). In other words, the iterative removal of each included trial from the meta-
analysis did not cause a significant change in the pooled estimate of effect size.

Figure 2. (A) Forest plot displaying standardized mean difference and 95% confidence intervals
showing the consequence of bariatric surgery on IMT [16,32–60]; (B) Leave-one-out sensitivity
analyses indicating the effect of bariatric surgery on IMT [16,32–60].
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3.3. Meta-Regression

The impact of potential confounders on the IMT reducing the effect of bariatric surgery
was assessed by random-effects meta-regression. The findings did not suggest any relation-
ship between the changes in IMT and delta body mass index (BMI) (slope: 0.002; 95% CI:
−0.005, 0.010; p = 0.670) or duration of follow-up (slope: 0.001; 95% CI: −0.0008, 0.0034;
p = 0.227) (Figure 3A,B).

Figure 3. Random-effects meta-regression for evaluating the effect of: (A) delta BMI; (B) follow-up
duration.

3.4. Subgroup Analysis

A subgroup analysis was also performed based on surgery type and treatment du-
ration (<12 months and ≥12 months). The subgroup analyses demonstrated significant
associations between surgery types and IMT changes (p < 0.001). The improvement of
IMT in patients who had laparoscopic sleeve gastrectomy (LSG) surgery was better than
in those who had Roux-en-Y gastric bypass (RYGB). Furthermore, a significant effect of
follow-up duration on the changes of IMT after bariatric surgery was observed with further
improvement in IMT in the follow-up period of less than 12 months (Figure 4A,B).
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Figure 4. Subgroup analysis based on the follow-up period [32–37,39–43,45–60] (A) and type of
surgery [33,37–42,45,49,50,52–54,58–60] (B).

3.5. Publication Bias

Although the results of Egger’s linear regression test (intercept = −2.685, standard
error = 0.892; 95% CI = −4.493, −0.877, t = 3.009, df = 37, two-tailed p = 0.004) suggested
that publication bias existed in the meta-analysis concerning the effect of bariatric surgery
on IMT, Begg’s rank correlation test (Kendall’s Tau with continuity correction = −0.143,
z = 1.282, two-tailed p-value = 0.199) did not indicate the presence of publication bias. The
trim and fill test showed three “missing” studies in order to adjust publication bias. The
“fail-safe N” test showed that 39 missing studies would be needed to reduce the effect size
to a non-significant (p < 0.001) level (Figure 5).
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Figure 5. Funnel plot of standard error by difference in means.

4. Discussion

The results of this meta-analysis of 30 trials, including 1488 subjects, showed a signifi-
cant decrease in IMT after bariatric surgery, and the reduction in IMT was also robust in
the leave-one-out sensitivity analysis. It must be stressed that the results of the random-
effects meta-regression did not suggest any relationship between the changes in IMT and
delta BMI or duration of follow-up after the bariatric surgery. However, the subgroup
analyses showed significant associations between the surgery types and IMT changes and
a significant effect of follow-up duration on the changes of IMT after bariatric surgery.

One important question which might theoretically influence the results of this meta-
analysis is a sex difference in obese subjects concerning IMT. However, this issue was
clarified in a recent study showing that IMT was significantly higher in men than in
women but this difference disappeared after adjustment for covariables, such as waist
circumference, age, HDL-cholesterol, and mean arterial blood pressure [61]. It has also
been shown that bariatric surgery caused a significant IMT decrease in subjects with obesity
in all age categories; however, the beneficial effects were more pronounced in younger
individuals, which is quite understandable and easily explicable [48].

As already mentioned, it has been previously shown that obesity is associated with
thicker arterial walls, i.e., increased IMT which seems to be independent of other cardio-
vascular risk factors [62,63]. It has been also shown that obesity is associated with T2DM
and other risk factors for CHD such as dyslipidemia [64]. On the other hand, patients
with severe dyslipidemia, such as familial hypercholesterolemia (FH), have increased IMT
when compared with controls [65]. This is true not only for adult patients with FH but
also for children with FH [66]. However, bariatric surgery in patients who had severe
obesity caused a decrease in extremely atherogenic oxidized LDL particles in the blood and
this phenomenon seemed to be dependent on BMI changes [10]. An earlier study showed
that bariatric surgery caused a decrease in total cholesterol, triglycerides, oxidized LDL
particles, and apolipoprotein B, and an increase in HDL-cholesterol and apolipoprotein A
concentrations that occurred regardless of the type of surgical procedure; however, LDL-
cholesterol only decreased after RYGB [67]. However, these authors could not find any
correlation between the changes in serum lipid concentrations and those in IMT. A recent
meta-analysis showed that pulse wave velocity (PWV) as a measure of arterial stiffness
decreased significantly after bariatric surgery. This is important because atherosclerosis
causes arteries to lose their elasticity and become more stiff; thereby resulting in increased
PWV which predicts subsequent ACVD events [11].
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Similar to our meta-analysis, a previously published small meta-analysis showed
a significant reduction in IMT after bariatric surgery and indicated that the percentage
of changes in BMI were associated with changes in IMT [68]. The results of the present
meta-analysis also fit well with the results of another most recently published meta-analysis
of 21 population-based cohort studies, involving 2,857,016 participants, which compared
the effects of bariatric surgery and nonsurgical approaches on cardiovascular outcomes
in patients with obesity [69]. This meta-analysis showed that bariatric surgery reduced
major adverse cardiovascular events, including the risk of myocardial infarction, stroke,
cardiovascular death, and all-cause death.

The present study has some limitations. Perhaps the most important one is the fact
that until relatively recently there was a lack of IMT measurement standardization (method,
mean/maximal thickness, carotid segment, including or excluding plaque) which could
influence the predictive value in CHD risk estimation in different studies; therefore, this
might also have an impact on the results of this meta-analysis [70]. In addition, according to
the observational design of the included studies, we could not perform a comparative
evaluation of the effects of bariatric surgery and medical treatment on IMT.

5. Conclusions

The results of this meta-analysis suggest that bariatric surgery significantly reduced
IMT. Since increased IMT reflecting early structural atherosclerotic changes in patients
with severe obesity seems to be independently associated with ACVD, the results of
this study may have clinical implications for individuals with severe obesity and high
cardiovascular risk. This suggests a beneficial antiatherosclerotic effect of bariatric surgery.
Future prospective studies with a precise follow-up, bigger sample size, and different
markers that could predict the outcomes of bariatric surgery regarding elimination of
co-morbidities should add more objective data to the spectrum of benefits of weight
loss surgery.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Tannaz Jamialahmadi was supported by the Wael-Almahmeed and IAS research
training grant.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WHO (World Health Organisation). Obesity and Overweight; WHO: Geneva, Switzerland, 2021.
2. Centers for Disease Control and Prevention. Adult Obesity Facts; CDC: Atlanta, GA, USA, 2021.
3. Kim, M.S.; Kim, W.J.; Khera, A.V.; Kim, J.Y.; Yon, D.K.; Lee, S.W.; Shin, J.I.; Won, H.-H. Association between adiposity and

cardiovascular outcomes: An umbrella review and meta-analysis of observational and Mendelian randomization studies.
Eur. Heart J. 2021, 42, 3388–3403. [CrossRef] [PubMed]

4. Theel, W.; Boxma-de Klerk, B.M.; Dirksmeier-Harinck, F.; van Rossum, E.F.; Kanhai, D.A.; Apers, J.; van Dalen, B.M.; de Knegt, R.J.;
Holleboom, A.G.; Tushuizen, M.E. Evaluation of nonalcoholic fatty liver disease (NAFLD) in severe obesity using noninvasive
tests and imaging techniques. Obes. Rev. 2022, 23, e13481. [CrossRef] [PubMed]

5. Stasi, A.; Cosola, C.; Caggiano, G.; Cimmarusti, M.T.; Palieri, R.; Acquaviva, P.M.; Rana, G.; Gesualdo, L. Obesity-Related Chronic
Kidney Disease: Principal Mechanisms and New Approaches in Nutritional Management. Front. Nutr. 2022, 9, 925619. [CrossRef]

6. Cottam, D.R.; Mattar, S.G.; Barinas-Mitchell, E.; Eid, G.; Kuller, L.; Kelley, D.E.; Schauer, P.R. The chronic inflammatory hypothesis
for the morbidity associated with morbid obesity: Implications and effects of weight loss. Obes. Surg. 2004, 14, 589–600. [CrossRef]

7. Guo, Z.; Yang, Y.; Liao, Y.; Shi, Y.; Zhang, L.-J. Emerging Roles of Adipose Tissue in the Pathogenesis of Psoriasis and Atopic
Dermatitis in Obesity. JID Innov. 2022, 2, 100064. [CrossRef] [PubMed]

8. Van Raemdonck, K.; Umar, S.; Szekanecz, Z.; Zomorrodi, R.K.; Shahrara, S. Impact of obesity on autoimmune arthritis and its
cardiovascular complications. Autoimmun. Rev. 2018, 17, 821–835. [CrossRef]

379



J. Clin. Med. 2022, 11, 6056

9. Coelho, C.; Crane, J.; Agius, R.; McGowan, B. The bariatric-metabolic physician’s role in managing clinically severe obesity.
Curr. Obes. Rep. 2021, 10, 263–273. [CrossRef]

10. Jamialahmadi, T.; Reiner, Ž.; Alidadi, M.; Kroh, M.; Cardenia, V.; Xu, S.; Al-Rasadi, K.; Santos, R.D.; Sahebkar, A. The Effect of
Bariatric Surgery on Circulating Levels of Oxidized Low-Density Lipoproteins Is Apparently Independent of Changes in Body
Mass Index: A Systematic Review and Meta-Analysis. Oxidative Med. Cell. Longev. 2021, 2021, 4136071. [CrossRef]

11. Jamialahmadi, T.; Reiner, Ž.; Alidadi, M.; Kroh, M.; Simental-Mendia, L.E.; Pirro, M.; Sahebkar, A. Impact of Bariatric Surgery on
Pulse Wave Velocity as a Measure of Arterial Stiffness: A Systematic Review and Meta-analysis. Obes. Surg. 2021, 31, 4461–4469.
[CrossRef]

12. Jamialahmadi, T.; Alidadi, M.; Atkin, S.L.; Kroh, M.; Almahmeed, W.; Moallem, S.A.; Al-Rasadi, K.; Rodriguez, J.H.; Santos, R.D.;
Ruscica, M.; et al. Effect of Bariatric Surgery on Flow-Mediated Vasodilation as a Measure of Endothelial Function: A Systematic
Review and Meta-Analysis. J. Clin. Med. 2022, 11, 4054. [CrossRef]

13. Jamialahmadi, T.; Jangjoo, A.; Rezvani, R.; Goshayeshi, L.; Tasbandi, A.; Nooghabi, M.J.; Rajabzadeh, F.; Ghaffarzadegan, K.;
Mishamandani, Z.J.; Nematy, M. Hepatic Function and Fibrosis Assessment Via 2D-Shear Wave Elastography and Related
Biochemical Markers Pre- and Post-Gastric Bypass Surgery. Obes. Surg. 2020, 30, 2251–2258. [CrossRef]

14. Nabavi, N.; Ghodsi, A.; Rostami, R.; Torshizian, A.; Jamialahmadi, T.; Jangjoo, A.; Nematy, M.; Bahari, A.; Ebrahimzadeh, F.;
Mahmoudabadi, E.; et al. Impact of Bariatric Surgery on Carotid Intima-Media Thickness in Patients with Morbid Obesity: A
Prospective Study and Review of the Literature. Obes. Surg. 2022, 32, 1563–1569. [CrossRef]

15. van Veldhuisen, S.L.; Gorter, T.M.; van Woerden, G.; de Boer, R.A.; Rienstra, M.; Hazebroek, E.J.; van Veldhuisen, D.J. Bariatric
surgery and cardiovascular disease: A systematic review and meta-analysis. Eur. Heart J. 2022, 43, 1955–1969. [CrossRef]
[PubMed]

16. Carmona-Maurici, J.; Cuello, E.; Sánchez, E.; Miñarro, A.; Rius, F.; Bueno, M.; de la Fuente, M.C.; Olsina Kissler, J.J.; Vidal, T.;
Maria, V.; et al. Impact of bariatric surgery on subclinical atherosclerosis in patients with morbid obesity. Surg. Obes. Relat. Dis.
2020, 16, 1419–1428. [CrossRef] [PubMed]

17. Roumeliotis, A.; Roumeliotis, S.; Panagoutsos, S.; Theodoridis, M.; Argyriou, C.; Tavridou, A.; Georgiadis, G.S. Carotid intima-
media thickness is an independent predictor of all-cause mortality and cardiovascular morbidity in patients with diabetes mellitus
type 2 and chronic kidney disease. Ren. Fail. 2019, 41, 131–138. [CrossRef]

18. Zhang, Y.; Fang, X.; Hua, Y.; Tang, Z.; Guan, S.; Wu, X.; Liu, H.; Liu, B.; Wang, C.; Zhang, Z. Carotid artery plaques, carotid intima–
media thickness, and risk of cardiovascular events and all-cause death in older adults: A 5-year prospective, community-based
study. Angiology 2018, 69, 120–129. [CrossRef]

19. Saba, L.; Antignani, P.L.; Gupta, A.; Cau, R.; Paraskevas, K.I.; Poredos, P.; Wasserman, B.; Kamel, H.; Avgerinos, E.D.; Salgado, R.
International Union of Angiology (IUA) consensus paper on imaging strategies in atherosclerotic carotid artery imaging: From
basic strategies to advanced approaches. Atherosclerosis 2022, 354, 23–40. [CrossRef]

20. Abeysuriya, V.; Perera, B.; Wickremasinghe, A. Regional and demographic variations of Carotid artery Intima and Media
Thickness (CIMT): A Systematic review and meta-analysis. PLoS ONE 2022, 17, e0268716. [CrossRef]

21. Gloy, V.L.; Briel, M.; Bhatt, D.L.; Kashyap, S.R.; Schauer, P.R.; Mingrone, G.; Bucher, H.C.; Nordmann, A.J. Bariatric surgery versus
non-surgical treatment for obesity: A systematic review and meta-analysis of randomised controlled trials. BMJ 2013, 347, f5934.
[CrossRef]

22. Vest, A.R.; Heneghan, H.M.; Agarwal, S.; Schauer, P.R.; Young, J.B. Bariatric surgery and cardiovascular outcomes: A systematic
review. Heart 2012, 98, 1763–1777. [CrossRef]

23. Zagorski, S.M.; Papa, N.N.; Chung, M.H. The effect of weight loss after gastric bypass on Creactive protein levels. Surg. Obes.
Relat. Dis. 2005, 1, 81–85. [CrossRef] [PubMed]

24. Yudkin, J.S.; Stehouwer, C.D.A.; Emeis, J.J.; Coppack, S.W. C-reactive protein in healthy subjects: Associations with obesity,
insulin resistance, and endothelial dysfunction: A potential role for cytokines originating from adipose tissue? Arterioscler. Thromb.
Vasc. Biol. 1999, 19, 972–978. [CrossRef] [PubMed]

25. Rao, S.R. Inflammatory markers and bariatric surgery: A meta-analysis. Inflamm. Res. 2012, 61, 789–807. [CrossRef]
26. Sutton, A.J.; Abrams, K.R.; Jones, D.R.; Jones, D.R.; Sheldon, T.A.; Song, F. Methods for Meta-Analysis in Medical Research; Wiley

Chichester: Chichester, UK, 2000; Volume 348.
27. Higgins, J.P. Cochrane Handbook for Systematic Reviews of Interventions; Version 5.0.1; The Cochrane Collaboration: London, UK,

2008. Available online: http://www.cochrane-handbook.org (accessed on 25 April 2022).
28. Wells, G.A.; Shea, B.; O’Connell, D.A.; Peterson, J.; Welch, V.; Losos, M.; Tugwell, P. The Newcastle-Ottawa Scale (NOS) for Assessing

the Quality of Nonrandomised Studies in Meta-Analyses; Oxford: Oxford, UK, 2000.
29. Borenstein, M.; Hedges, L.; Higgins, J.; Rothstein, H. Comprehensive Meta-Analysis; Version 2 Biostat; Meta-Analysis: Englewood,

NJ, USA, 2005.
30. Banach, M.; Serban, C.; Ursoniu, S.; Rysz, J.; Muntner, P.; Toth, P.P.; Jones, S.R.; Rizzo, M.; Glasser, S.P.; Watts, G.F. Statin therapy

and plasma coenzyme Q10 concentrations—A systematic review and meta-analysis of placebo-controlled trials. Pharmacol. Res.
2015, 99, 329–336. [CrossRef]

31. Duval, S.; Tweedie, R. Trim and fill: A simple funnel-plot–based method of testing and adjusting for publication bias in
meta-analysis. Biometrics 2000, 56, 455–463. [CrossRef]

380



J. Clin. Med. 2022, 11, 6056

32. Yavuz, D.G.; Apaydin, T.; Imre, E.; Uygur, M.M.; Yazici, D. Skin Autofluorescence and Carotid Intima-Media Thickness Evaluation
Following Bariatric Surgery in Patients with Severe Obesity. Obes. Surg. 2021, 31, 1055–1061. [CrossRef] [PubMed]

33. Salman, M.A.; Salman, A.A.; El Sherbiny, M.; Elkholy, S.; Youssef, A.; Labib, S.; El-Din, M.T.; Monazea, K.A.; Tourky, M.S.; Mikhail,
H.M.S.; et al. Changes of Carotid Intima-Media Thickness After Sleeve Gastrectomy in High Cardiovascular Risk Patients: A
Prospective Study. Obes. Surg. 2021, 31, 3541–3547. [CrossRef]

34. Melchor-López, A.; Suárez-Cuenca, J.A.; Banderas-Lares, D.Z.; Peña-Sosa, G.D.L.; Salamanca-García, M.; Vera-Gómez, E.;
Hernández-Patricio, A.; Gutiérrez-Buendía, J.A.; Zamora-Alemán, C.R.; Alcaráz-Estrada, S.L.; et al. Identification of adipose
tissue-related predictors of the reduction in cardiovascular risk induced by metabolic surgery. J. Int. Med. Res. 2021, 49,
03000605211012569. [CrossRef]

35. Kaul, A.; Kumar, A.; Baksi, A.; Singla, V.; Aggarwal, S.; Gulati, G.; Narang, R.; Kashyap, L. Impact of bariatric surgery on carotid
intima-medial thickness and cardiovascular risk: Results of a prospective study. Surg. Endosc. Other Interv. Tech. 2021, 35,
6006–6012. [CrossRef]

36. Cekici, Y.; Kaya, B.C.; Elkan, H. The Effect of Laparoscopic Sleeve Gastrectomy on Subclinical Atherosclerosis in Patients with
Severe Obesity. Obes. Surg. 2021, 31, 738–745. [CrossRef]

37. Ministrini, S.; Ricci, M.A.; Nulli Migliola, E.; De Vuono, S.; D’Abbondanza, M.; Paganelli, M.T.; Vaudo, G.; Siepi, D.; Lupattelli, G.
Chemerin predicts carotid intima-media thickening in severe obesity. Eur. J. Clin. Investig. 2020, 50, e13256. [CrossRef] [PubMed]

38. Kaya, B.C.; Elkan, H. The impact of weight loss after laparoscopic sleeve gastrectomy on early markers of atherosclerotic vascular
disease: A prospective study. Kardiol. Pol. 2020, 78, 674–680. [CrossRef] [PubMed]

39. Gómez-Martin, J.M.; Aracil, E.; Insenser, M.; de la Peña, G.; Lasunción, M.A.; Galindo, J.; Escobar-Morreale, H.F.; Balsa, J.A.;
Botella-Carretero, J.I. Changes in Soluble TWEAK Concentrations, but Not Those in Amyloid-β(1–40), Are Associated with a
Decrease in Carotid Intima-Media Thickness after Bariatric Surgery in Obese Women. Obes. Facts 2020, 13, 321–330. [CrossRef]
[PubMed]

40. Elitok, A.; Emet, S.; Bayramov, F.; Karaayvaz, E.; Türker, F.; Barbaros, U.; Özcan, M. Effect of bariatric surgery on flow-mediated
dilation and carotid intima-media thickness in patients with morbid obesity: 1-year follow-up study. Anatol. J. Cardiol. 2020, 23,
218–222. [CrossRef] [PubMed]

41. Domenech-Ximenos, B.; Cuba, V.; Daunis-i-Estadella, P.; Thio-Henestrosa, S.; Jaldo, F.; Biarnes, C.; Molina, X.; Xifra, G.; Ricart, W.;
Bardera, A.; et al. Bariatric Surgery-Induced Changes in Intima-Media Thickness and Cardiovascular Risk Factors in Class 3
Obesity: A 3-Year Follow-Up Study. Obesity 2020, 28, 1663–1670. [CrossRef]

42. Cobeta, P.; Osorio, A.; Cuadrado-Ayuso, M.; Garcia-Moreno, F.; Pestana, D.; Galindo, J.; Botella-Carretero, J.I. Sleeve Gastrectomy
and Gastric Bypass Decrease the Carotid Intima-Media Thickness in Obese Men: Association with Weight Loss, Cardiovascular
Risk Factors, and Circulating Testosterone. Obes. Surg. 2020, 30, 851–859. [CrossRef]

43. Borzi, A.M.; Buscemi, C.; Corleo, D.; Randazzo, C.; Rosafio, G.; Pantuso, G.; Buscemi, S. Endothelial Function in Obese Patients
Treated with Bariatric Surgery. Diabetes Metab. Syndr. Obes.-Targets Ther. 2020, 13, 247–256. [CrossRef]

44. Yang, W.; Jiang, S.; Cheung, P.N.; Wang, C. Effects and predictive factors of bariatric surgery on carotid intima-media thickness in
patients with obesity Cardiovascular risk and bariatric surgery. Obes. Surg. 2019, 29, 140.

45. Solini, A.; Seghieri, M.; Santini, E.; Giannini, L.; Biancalana, E.; Taddei, S.; Volterrani, D.; Bruno, R.M. Renal Resistive Index
Predicts Post-Bariatric Surgery Renal Outcome in Nondiabetic Individuals with Severe Obesity. Obesity 2019, 27, 68–74. [CrossRef]

46. Gluszewska, A.; Gryglewska, B.; Rewiuk, K.; Zarzycki, B.; Dzieza-Grudnik, A.; Kwater, A.; Major, P.; Budzynski, A.; Gasowski, J.;
Grodzicki, T. Arterial structure and function and its short- and long-term changes after bariatric surgery. J. Physiol. Pharmacol.
2019, 70, 909–916. [CrossRef]

47. Rius, F.; Sanchez, E.; Betriu, A.; Baena-Fustegueras, J.A.; Yeramian, A.; Vidal, T.; Hernandez, M.; Lopez-Cano, C.; Bueno, M.;
Gutierrez-Carrasquilla, L.; et al. Influence of Morbid Obesity and Bariatric Surgery Impact on the Carotid Adventitial Vasa
Vasorum Signal. Obes. Surg. 2018, 28, 3935–3942. [CrossRef] [PubMed]

48. Jonker, F.H.W.; van Houten, V.A.A.; Wijngaarden, L.H.; Klaassen, R.A.; de Smet, A.A.E.A.; Niezen, A.; Schelfhout, L.J.D.M.;
Bruning, T.A.; van der Harst, E. Age-Related Effects of Bariatric Surgery on Early Atherosclerosis and Cardiovascular Risk
Reduction. Obes. Surg. 2018, 28, 1040–1046. [CrossRef] [PubMed]

49. Altin, C.; Erol, V.; Aydin, E.; Yilmaz, M.; Tekindal, M.A.; Sade, L.E.; Gulay, H.; Muderrisoglu, H. Impact of weight loss on
epicardial fat and carotid intima media thickness after laparoscopic sleeve gastrectomy: A prospective study. Nutr. Metab.
Cardiovasc. Dis. 2018, 28, 501–509. [CrossRef] [PubMed]

50. Tromba, L.; Tartaglia, F.; Carbotta, S.; Sforza, N.; Pelle, F.; Colagiovanni, V.; Carbotta, G.; Cavaiola, S.; Casella, G. The Role of
Sleeve Gastrectomy in Reducing Cardiovascular Risk. Obes. Surg. 2017, 27, 1145–1151. [CrossRef]

51. Chen, J.; Yu, H.Y.; Chen, L.; Wu, L.; Hu, B.; Bao, Y.Q.; Jiang, L.X. Effect of Roux-en-Y gastric bypass on carotid intima-media
thickness in Chinese obese patients with type 2 diabetes. Surg. Obes. Relat. Dis. 2017, 13, 1530–1535. [CrossRef]

52. Marchesi, F.; Giacosa, R.; Reggiani, V.; De Sario, G.; Tartamella, F.; Melani, E.; Mita, M.T.; Cinieri, F.G.; Cecchini, S.; Ricco, M.; et al.
Morphological Changes in the Carotid Artery Intima after Gastric Bypass for Morbid Obesity. Obes. Surg. 2017, 27, 357–363.
[CrossRef]

53. Yorulmaz, G.; Cilekar, M.; Bilge, U.; Akcan, E.; Akalin, A. Carotid intima-media thickness and insulin resistance changes in
patients who underwent sleeve gastrectomy: A prospective study. Niger. J. Clin. Pract. 2016, 19, 344–348. [CrossRef]

381



J. Clin. Med. 2022, 11, 6056
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Abstract: Insulin-like factor 5 (INSL5), a novel hormone secreted by the enteroendocrine cells of
the distal colon, has been implicated in appetite and body weight regulation in animals given its
orexigenic properties. We investigated basal INSL5 plasma levels in a group of morbidly obese
subjects before and after laparoscopic sleeve gastrectomy. Furthermore, we analyzed the expression
of INSL5 in human adipose tissue. Before bariatric surgery, obese subjects showed basal INSL5 plasma
levels that were positively correlated with BMI, fat mass, and leptin plasma levels. After weight
loss by laparoscopic sleeve gastrectomy, INSL5 plasma levels in obese subjects were significantly
lower than those observed before surgery. Finally, we did not detect any expression of the INSL5
gene in human adipose tissue, both at the mRNA and protein levels. The present data show that
subjects with obesity have INSL5 plasma levels positively correlating with adiposity markers. After
bariatric surgery, INSL5 plasma levels decreased significantly, and this decrease was not directly due
to the loss of adipose tissue since this tissue does not express INSL5. Considering the orexigenic
properties of INSL5, the reduction of its plasma levels after bariatric surgery in obese subjects could
participate in the still unclear mechanisms leading to appetite reduction that characterize bariatric
surgery procedures.

Keywords: obesity; adipose tissue; INSL5; leptin; BMI; bariatric surgery; sleeve gastrectomy

1. Introduction

Obesity is a chronic disease with a continuously increasing prevalence [1], with im-
portant systemic complications including heart disease, diabetes mellitus, hypertension,
dyslipidemia, stroke, atherosclerosis, and specific types of cancer [2]. Since obesity is due
mainly to an unbalance between energy intake and expenditure, the first-line interventions
for overweight and obese subjects are diet and physical exercise that promote calorie re-
striction and increase energy expenditure. Although these interventions often result in
initial weight reduction, the majority of patients with obesity fail to maintain the weight
loss in the long term, probably due to many different compensatory changes, above all in
appetite regulatory mechanisms [3,4]. On the contrary, bariatric surgery causes substantial
long-term weight loss and is an effective intervention for the morbidly obese to achieve
marked and long-term weight loss and improve obesity-related comorbidities. For these
reasons, bariatric surgery is now considered the most successful method for treating morbid
obesity and its associated diseases, such as type 2 diabetes [5].

Bariatric surgery has now quite well-defined beneficial effects on hunger, not only due
to gastric restriction but also to the modulation of appetite-regulatory hormones coming
mainly from the gut, such as ghrelin, PYY, CKK, and GLP-1 [6,7].
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Insulin-like factor 5 (INSL5) is a novel hormone secreted primarily by the enteroen-
docrine cells of the colon and rectum that has been implicated in both mealtime hunger
and the regulation of body weight in animals given its orexigenic properties [8–10]. INSL5
belongs to the relaxin/insulin superfamily of peptides consisting of insulin, insulin-like
growth factors 1 and 2 (IGF–1 and IGF–2), relaxins 1 and 2, and insulin-like peptides 3, 4, 5,
6, and 7 (INSL 3–7) [11]. Relaxins have many different roles, such as regulation of female
and male reproductive tract functions, signaling in the central nervous system, vasodilation
and heart stimulation in the cardiovascular system, regulation of fibrotic processes, and
wound healing [12].

INSL5, one of the latest identified members of the relaxin superfamily, has been shown
to be expressed mainly in the terminal part of the gastrointestinal tract, particularly in the
colon and rectum, but it is also expressed in many other tissues as well, including the brain,
pituitary, thyroid, kidney, and uterus [13].

Although they are structurally related to insulin, the relaxin family peptides pro-
duce their physiological effects by activating a group of four G protein-coupled receptors
(GPCRs), named relaxin family peptide receptors 1–4 (RXFP1–4) [11,12].

While it is clear that the relaxin family of peptides has important physiological roles,
there are still many unanswered questions about the precise roles of many of them.

In the present study, we evaluated INSL5 plasma levels in a group of patients with
obesity before and one year after significant weight and adipose tissue loss obtained by
laparoscopic sleeve gastrectomy. Furthermore we investigated the relationship of INSL5
plasma levels with classic obesity related parameters such as BMI, waist circumference, fat
mass and with leptin plasma levels. Finally we explored the hypothesis that adipose tissue
can be the source of INSL5 production.

2. Materials and Methods

2.1. Patients

We retrieved stored blood samples from forty morbidly obese patients (29 females and
11 males) previously recruited from the Bariatric Unit of the University Hospital of Padova.
Each patient was evaluated before and 12 months after laparoscopic sleeve gastrectomy
(LSG) with general clinical parameters (body temperature, blood pressure, heart rate, breath
frequency, blood oxygen saturation) and with anthropometric measurements (weight,
height, BMI, waist circumference). In all 40 patients, we evaluated glucose and insulin
plasma levels together with leptin and INSL5 plasma levels. Blood samples were drawn
in the morning (between 8 and 9 a.m.) after an overnight fast. Before and after one
year of LSG, twenty-nine out of the forty patients with obesity who underwent bariatric
surgery also performed body composition analysis using bioimpedenzometry, as previously
described [14].

In our Center LSG is performed as the first-choice bariatric surgery procedure. All
patients were operated by the same bariatric surgery team when indicated, according with
the NIH consensus criteria for bariatric surgery (BMI higher than 35 kg/m2 in the presence
of co-morbidities or with a BMI higher than 40 kg/m2) [14]. Absolute exclusion criteria
included alcohol addiction and severe psychiatric disorders. Full details of the surgical
technique have been published recently by our group [15].

2.2. Measurement of INSL5 Plasma Levels

Blood samples have been collected into vacutainer tubes containing EDTA. After
gentle rocking of the tubes several times immediately after the collection of blood for anti-
coagulation, the blood is then transferred from the lavender vacutainer tubes to centrifuge
tubes containing aprotinin (0.6 TIU/mL of blood) and gently rocked several times to inhibit
the activity of proteinases. Tubes were then centrifuged at 1600× g for 15 min at 4 ◦C, and
plasma was collected and kept at −80 ◦C until INSL5 determination using a commercial
EIA kit from Phoenix Pharmaceuticals (#EK-035-70, Burlingame, CA, USA) according to
the manufacturer’s instructions. The minimum detection level was 80 pg/mL. The cross-
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reactivity of the antibody raised against human INSL5 was 0% to human insulin, INSL3,
INSL4, INSL6, INSL7 (Relaxin 3), and Relaxin 2. Intra- and inter-assay variations were
<10% and <15%, respectively.

Leptin was measured in the same blood samples utilizing an ELISA kit (#E04649H,
Cusabio, Houston, TX, USA) with a 0.156 ng/mL–10 ng/mL detection range and a sensitiv-
ity of 0.060 ng/mL.

2.3. Isolation of Human Adipose Tissue

Subcutaneous adipose tissue (SAT) was obtained from nine subjects undergoing
elective surgery for minor abdominal diseases who were otherwise healthy and not taking
any drugs. Each SAT sample was processed as previously described [15]. Briefly, all adipose
tissue samples were collected during laparoscopic surgery in the abdominal region. In
particular, 1 cm3 SAT was obtained excising subcutaneous fat at trocar site and then it was
gently rinsed in PBS buffer, immediately frozen in liquid nitrogen and stored at −80◦ C for
further analyses.

2.4. RNA Isolation and Reverse Transcription PCR (RT-PCR) in Adipose Tissue

RNA isolation from SAT was performed using an affinity column-based method
(RNEasy Kit, Qiagen GmbH, Hilden, Germany). After homogenization of 100 mg of tissue
in QIAzol Lysis Reagent with TissueLyser, chloroform was added and mixed by vortexing
for subsequent phase separation through centrifugation. In the upper aqueous phase, the
RNA was added to 1 volume of 70% ethanol and mixed thoroughly by inverting the tube
up and down several times. Each sample was then loaded on the RNEasy spin column,
and from this step on, the manufacturer’s protocol was followed. At the end, the RNA was
eluted in 50 μL of RNAse-free water. Quantity and quality of the RNA were evaluated by a
DeNovix DS-11 spectrophotometer (Resnova, Ariccia, Italy) using OD 260 for calculation
of the concentration and the ratios 260/280 and 260/230 for assessing the purity of the
samples. First-strand cDNAs were accomplished in a 60 min incubation at 37 ◦C using 2 μg
RNA, 200 U/μL M-MLV reverse transcriptase, and 0.5 μg/μL random primers (Promega
Corp., Madison, WI, USA). A quantity of 10 ng of cDNA was used to detect Insulin-like 5
(INSL5) gene expression on the Veriti 96-Well Thermal Cycler (ABI Applied Biosystems,
Waltham, MA, USA) using Pfu DNA Polymerase (Promega Corp., Madison, WI, USA). The
ribosomal protein lateral stalk subunit P0 (RPLP0) housekeeping gene was used to avoid
deviations from the process of measurement.

2.5. Western Blotting Analysis for INSL5 in Human Adipose Tissue

For protein analysis, SAT samples, colon tissue and HeLa cells (as positive controls)
were homogenized in RIPA Lysis Buffer with phosphatase and protease inhibitors cocktail.
Total protein concentration was determined using a colorimetric assay (Pierce TMBCA
Protein Assay kit, #23225, Thermo Fisher Scientific, Waltham, MA, USA). Samples of 30 μg
protein were subjected to SDS PAGE using 4-12% polyacrylamide precast gel at a voltage
of 160V. Proteins were then transferred to a Hybond ECL nitrocellulose membrane and
blocked with 5% (w/v) dried non-fat milk in Tris buffered saline (TBS)/Tween 20. For INSL5
protein detection, we utilized a 1:1000 diluted rabbit primary antibody (#105325, Abcam,
Cambridge, MA, USA), a 1:2500 diluted antibody for leptin (#PA1-052, Invitrogen, Waltham,
MA, USA), and a 1:5000 diluted mouse primary antibody for ß-actin (#A5441, Sigma
Aldrich, Milan, Italy), used as a reference protein. An IgG-HRP-conjugated secondary
antibody was used for protein detection. Immunoreactive bands have been visualized with
the ECL plus reagent kit (GE Healthcare Italy, Milan, Italy).

2.6. Statistical Analysis

The results were expressed as means ± SD. Data obtained before and after weight
loss were compared using the Student’s t-test. Correlations were performed by simple
linear regression analysis, and Spearman’s correlation coefficients were used to evaluate
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the correlations between INSL5 plasma levels and other clinical and hormonal parameters.
A p value < 0.05 was considered statistically significant. The statistical analysis was carried
out using GraphPad PRISM software (version 9.5.1; GraphPad Software Inc., San Diego,
CA, USA).

3. Results

3.1. Clinical, Anthropometric, and Metabolic Characteristics of the Obese Patients before and
after LSG

Table 1 reports the anthropometric parameters before and one year after LSG in
obese patients. As expected, LSG induced a significant body weight reduction along
with a significant loss in fat mass and waist circumference. Furthermore, as expected,
leptin plasma levels showed a significant reduction one year after LSG, along with fat
mass reduction.

Table 1. Body weight parameters and leptin plasma levels before and one year after Laparoscopic
Sleeve Gastrectomy (LSG) in obese patients. Data for weight, BMI, waist circumference, and leptin
plasma levels have been obtained in all patients (n = 40). Data for fat mass have been obtained in 29
patients (N.A., not applicable).

Before-LSG After-LSG p

Weight (Kg) 133.2 ± 27.4 95.3 ± 23.1 <0.0001

BMI (Kg/m2) 47.4 ± 7.0 33.8 ± 6.1 <0.0001

%Total body weight loss - 28.5 ± 8.8 N.A.

Waist circumference (cm) 131.4 ± 15.5 104.0 ± 14.6 <0.0001

Fat mass (Kg) 59.4 ± 17.5 32.1 ± 13.4 <0.0001

Leptin (μg/L) 38.0 ± 16.9 16.1 ± 13.5 <0.0001

3.2. Plasma Levels of INSL5 before and after Laparoscopic Sleeve Gastrectomy

We did not observe any significant gender difference in plasma INSL5 levels
(0.88 ± 0.42 vs. 0.70 ± 0.21, for women and men, respectively, p = 0.173), even after
adjustment for BMI. Thus, data from men and women were considered as a whole. As
shown in Figure 1, INSL5 plasma levels in obese patients before LSG showed a strong posi-
tive correlation with BMI and with fat mass. In agreement with these relationships, INSL5
plasma levels were positively and significantly correlated with plasma levels of leptin, the
main secretory product of adipose tissue directly related to fat mass. We did not observe
any significant correlation between INSL5 plasma levels and both waist circumference and
free fat mass (Figure 1). After one year of bariatric surgery and a significant reduction of
BMI, waist circumference, and fat mass (see Table 1), we did not observe any significant
correlation of these parameters with INSL5 plasma levels (Figure 2).

Interestingly, one year after laparoscopic sleeve gastrectomy, obese subjects showed
a markedly reduced body weight and fat mass, together with a significant reduction of
INSL5 plasma levels that were 23% lower than those observed before weight loss (Figure 2).
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Figure 1. Correlations between INSL5 plasma levels and BMI, fat mass, fat free mass and leptin
plasma levels in obese subjects before (left columns) and after (right columns) bariatric surgery. Data
for BMI and leptin plasma levels have been obtained in all patients (n = 40). Data for fat mass and
fat-free mass have been obtained in 29 patients (see Materials and Methods Section).
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Figure 2. INSL5 plasma levels in obese subjects before (PRE-LSG) and after (POST-LSG) Laparoscopic
Sleeve Gastrectomy (LSG). *** p < 0.0001.

3.3. INSL5 mRNA and Protein Expression in Human White Adipose Tissue

Gene expression data showed the presence of INSL5 mRNA in the human colon and
in HeLa cells used as positive controls, while no amplification plot was obtained from
subcutaneous adipose tissue (Figure 3A). The expression of the RpLp0 housekeeping gene
was the same in each sample (Figure 3A). The specificity of the real-time PCR for INSL5
gene expression was determined on an electrophoresis agarose gel, and a single band of
81 bp was obtained only in control samples (Figure 3A).

Figure 3. INSL5 is not expressed in human adipose tissue. (A): Qualitative RT-PCR analysis of INSL5
mRNA expression in ex vivo adipose tissue (lane 1), HeLa cells, and colon tissue (positive controls,
lane 2 and 3, respectively), 100 bp DNA ladder (lane 4), and RPLP0 housekeeping gene detection
(lanes 5–7). (B): Western blot analysis of INSL5 protein expression in HeLa cells (lane 1), human
subcutaneous adipose tissue (lane 2), and colon tissue (lane 3). Lane 4 reports the Seeblue pre-stained
protein standard.
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Similarly, the results from traditional Western blotting provided a main band of 13 KD
for INSL5 only in colon tissue and HeLa cells used as positive controls, while no signal was
obtained in subcutaneous adipose tissue. The 42 KD b-actin bands were used as a reference
control for all samples (Figure 3B).

4. Discussion

INSL5 is a novel hormone of the relaxin superfamily that has been first identified
as a secretory product of the enteroendocrine L cells of the distal gut (mainly colon and
rectum), although it is also expressed in a number of different tissues such as the brain,
pituitary, thyroid, kidney, and uterus [16]. In previous animal studies, given its orexigenic
properties, INSL5 has been implicated in both mealtime hunger and the regulation of body
weight [8–10].

Here we show that in humans, the novel orexigenic hormone INSL5 is detectable at
significant concentrations in the plasma of obese subjects, with no differences between
males and females. In obese patients, we observed that INSL5 plasma levels showed a
strong positive correlation between classic markers of obesity such as BMI, fat mass, and
leptin plasma levels. Since INSL5 is an orexigenic hormone, positive correlations between
INSL5 plasma levels and BMI, fat mass, and leptin levels were expected. These direct and
significant correlations were not observed after one year of bariatric surgery and significant
reductions in body weight, BMI, fat mass, and leptin plasma levels. Interestingly, after
significant weight loss due to LSG, we observed a significant reduction of INSL5 plasma
levels. The close direct correlation between obesity markers and INSL5 plasma levels,
together with the decrease in INSL5 concentration after fat mass reduction, pointed to
adipose tissue as a possible source of INSL5. However, the molecular studies performed in
the present study did not show any expression of INSL5 both at the mRNA and protein
levels, thus excluding the possibility that the loss of adipose mass after LSG could be
responsible for the decrease in INSL5 plasma levels. The lack of any correlation of INSL5
plasma levels with waist circumference would not be surprising since the mechanisms
regulating INSL5 secretion are still unclear, and as shown here, the adipose tissue does not
seem to have any role in INSL5 secretion. On the other hand, all the studies published so
far have pointed to enteroendocrine-L cells as the main (if not unique) source of INSL5
in humans.

The pathophysiological meaning of the present observations is still unclear. It has
been recently shown that Insl5−/− mice display alterations in glucose homeostasis and
impaired fertility [9]. Furthermore, the expression of INSL5 in the gut of the mouse and the
orexigenic effects induced by its administration that are blunted by its blockade suggest
that INSL5 might be involved in food intake regulation, as shown for other gut hormones
that are secreted by the enteroendocrine cells widely distributed along the gastrointestinal
tract. These cells are deputed to sense gut content and to release hormones, such as ghrelin,
cholecystokinin, and glucagon, like peptide 1 and peptide YY, that, after entering the
circulation or interacting with the gut nervous system, can signal to distant target cells
within the brain or act locally on neighboring gut cells and neuronal networks to regulate
food intake and thus energy balance and body weight. In this respect, it has been shown
that obesity and diabetes mellitus can be associated with alterations of enteroendocrine
cell hormonal secretion [8,17]. Indeed, recent studies have demonstrated that only the
peripheral and not the intracerebroventricular administration of INSL5 induces an increase
in appetite leading to obesity in mice, although data published so far on the expression of
the INSL5 receptor RXFP4 in the hypothalamus have shown contrasting results [8,9].

Nevertheless, INSL5 represents the second so far identified gut hormone, after ghrelin,
with orexigenic properties [8,9]. In this respect, the reduction of INSL5 plasma levels
observed after bariatric surgery-induced weight and fat mass loss could participate in
the still unclear mechanisms leading to appetite reduction characterized by these surgical
procedures [18]. While it has been recently reported that the signaling pathway activated
by INSL5 is activated in target cells expressing its receptor [19,20], the specific signals
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regulating INSL5 secretion in humans are still unknown. It is possible that energetic
substrate intake can regulate its secretion by adipose tissue. In this regard, in mice, INSL5
secretion is reduced by food intake, further underlying the role of this hormone in the
regulation of energetic homeostasis. Furthermore, it has been recently reported that in mice,
INSL5 influences glucose homeostasis by stimulating insulin secretion from pancreatic
islet cells that have been shown to express the INSL5 receptor RXFP4 [9]. Those authors
suggested a potential role for INSL5 signaling in the regulation of insulin secretion and
pancreatic beta-cell homeostasis [9]. Finally, although there is a strong direct relationship
between INSL5 and leptin plasma levels, the role of leptin as a possible mediator of INSL5
secretion needs further study.

5. Conclusions

In conclusion, the present study demonstrates that the orexigenic hormone INSL5 is
detectable in humans and that its plasma concentrations show a positive correlation with
BMI, fat mass, and leptin plasma levels in obese subjects and are significantly reduced
after weight loss. These observations could contribute to extending our knowledge of the
well-known modulation of the gut orexigenic signals induced after bariatric surgery in
obese subjects. Finally, these observations suggest that the modulation of the INSL5/RXFP4
axis might represent a target for the treatment of obesity in humans.
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Abstract: Background: Morbid obesity co-exists with non-alcoholic fatty liver disease in up to 90% of
cases. Laparoscopic sleeve gastrectomy leads to a reduction in body mass and thus may improve
the course of non-alcoholic fatty liver disease. The aim of this study was to evaluate the effect of
laparoscopic sleeve gastrectomy on the resolution of non-alcoholic fatty liver disease. Methods: The
study included 55 patients with non-alcoholic fatty liver disease who underwent laparoscopic sleeve
gastrectomy at a tertiary institution. The analysis consisted of preoperative liver biopsy, abdominal
ultrasound, weight loss parameters, Non-Alcoholic Fatty Liver Fibrosis Score and selected laboratory
parameters. Results: Before the surgery, 6 patients were diagnosed with grade 1 liver steatosis,
33 patients with grade 2 and 16 patients with grade 3. One year after the surgery, only 21 patients had
features of liver steatosis at ultrasound. All weight loss parameters showed statistically significant
changes during the observation; the median percentage of total weight loss was 31.0% (IQR: 27.5;
34.5) with p = 0.0003, the median percentage of excess weight loss was 61.8% (IQR: 52.4; 72.3) with
p = 0.0013 and the median percentage of excess body mass index loss was 71.0% (IQR: 61.3; 86.9) with
p = 0.0036 12 months after laparoscopic sleeve gastrectomy. The median Non-Alcoholic Fatty Liver
Fibrosis Score at baseline was 0.2 (IQR: −0.8; 1.0) and decreased to −1.6 (IQR: −2.4; −0.4) (p < 0.0001).
Moderate negative correlations between Non-Alcoholic Fatty Liver Fibrosis Score and percentage
of total weight loss (r = −0.434, p < 0.0001), percentage of excess weight loss (r = −0.456, p < 0.0001)
and percentage of excess body mass index loss (r = −0.512, p < 0.0001) were found. Conclusions: The
study supports the thesis that laparoscopic sleeve gastrectomy is an effective method for treatment of
non-alcoholic fatty liver disease in patients with morbid obesity.

Keywords: bariatric/metabolic surgery; laparoscopic sleeve gastrectomy; non-alcoholic fatty liver
disease; morbid obesity

1. Introduction

The pandemic of obesity has become a serious issue of public health worldwide as the
size of the obese population has almost tripled over the last four decades and continues to
rise [1]. This HAS resulted in a significant increase in the prevalence of non-alcoholic fatty
liver disease (NAFLD). NAFLD is currently the most common chronic liver disease, with
an estimated global prevalence at 25–30%, rising up to 90% in morbidly obese patients [2].
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According to US guidelines, NAFLD is recognized when there is ≥ 5% steatotic hepatocytes
in imaging or histology with no alcohol-, drug- or viral-induced steatosis [3]. The spectrum
of NAFLD ranges from benign hepatocellular steatosis to non-alcoholic steatohepatitis
(NASH), fibrosis and eventually cirrhosis and may lead to the development of hepatocel-
lular carcinoma (HCC). It is believed that one third of patients at an early stage of NASH
will progress to fibrosis within 5 to 10 years after the diagnosis. Considering indications
for liver transplant, NAFLD/NASH is currently the most rapidly growing cause of HCC
among patients on the waiting list in the United States, increasing from 2.1% in 2002 to
16.2% in 2016 (p < 0.0001) [4]. According to the US National Liver Transplantation Registry
from 2018, 34.6% of liver transplant recipients had a BMI >3 0 kg/m2, and almost 14% had
a BMI > 35 kg/m2 [5]. The main management option for obesity-related NAFLD is weight
reduction by 7–10% with lifestyle modifications including dietary changes and physical
activity. However, this goal may be difficult to achieve in obese patients and even more
problematic to maintain. Studies have shown that more than 90% of obese patients cannot
achieve this target during one year of observation [6,7]. Bariatric surgery is an option
for obese individuals who fail to achieve suitable weight loss with lifestyle changes and
pharmacological methods. Bariatric surgery can help obese individuals achieve recom-
mended weight reduction and thus improve the course of NAFLD. The additional benefits
of bariatric surgery include resolution or amelioration of hypertension, hyperlipidemia and
type 2 diabetes and reduction of cardiovascular risk and mortality [8,9]. One of the most
commonly performed bariatric procedures worldwide is laparoscopic sleeve gastrectomy
(LSG). The IFSO Global Registry 2018 Report provided data from 51 different countries;
data were reported on 87,467 sleeve gastrectomy operations (46.0%), 72,645 Roux-en-Y
gastric bypass operations (38.2%), 14,516 one-anastomosis gastric bypass procedures (7.6%)
and 9534 gastric banding operations (5.0%) [10]. LSG reduces stomach volume and also
causes a decrease in ghrelin level, which is also called “a hormone of appetite” [11,12]. The
following study aims to show changes in the course of NAFLD in morbidly obese patients
undergoing laparoscopic sleeve gastrectomy in one year of observation and support the
thesis that the above-mentioned bariatric procedure is an effective method for treating the
liver manifestation of metabolic syndrome.

2. Materials and Methods

This is a retrospective study of patients who underwent laparoscopic sleeve gastrec-
tomy and were diagnosed with liver steatosis in abdominal ultrasound prior to the surgery.
The procedures were performed in the University Hospital at a tertiary institution between
2019 and 2021. Patients were qualified for surgical treatment of morbid obesity according
to the Polish Guidelines on Metabolic and Bariatric Surgery [13]. The inclusion criteria
for the surgical procedure comprised inability to achieve sustained weight loss with con-
servative management and BMI ≥ 40.0 kg/m2 or 35–40 kg/m2 with the presence of at
least one obesity-related co-morbidity such as type 2 diabetes mellitus or insulin resis-
tance, hypertension, dyslipidemia, obstructive sleep apnea, non-alcoholic fatty liver disease
and non-alcoholic steatohepatitis, osteoarthritis, coronary artery disease and infertility in
women resulting from polycystic ovary syndrome. Patients with obesity-related endocrine
diseases, clinically significant or unstable mental health concerns and addiction to alcohol
or psychostimulants and women planning on pregnancy within two years after a potential
surgery were excluded from the surgical procedure. Study inclusion criteria: patients who
underwent LSG as a primary obesity surgery, patients with diagnosed NAFLD based on ab-
dominal ultrasound and no additional procedures during laparoscopic sleeve gastrectomy.
The approximate time between diagnosis of NAFLD and bariatric procedure was 6 months.
Exclusion criteria were viral hepatitis, autoimmune hepatitis, hemochromatosis, alcoholic
liver cirrhosis and complications during the surgery or observation period. Patients were
also excluded from the study when there was a lack of necessary data. Figure 1 presents
the explanation of the ultimate definition of the study group.
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Figure 1. Graphical guidelines for study group selection.

Demographic and clinical data were gathered before the surgery, as well as 6 and
12 months after the bariatric procedure. Postoperative weight loss was expressed in terms
of percent total weight loss (%TWL), percent excess weight loss (%EWL) and percent excess
BMI loss (%EBMIL). The following equations were used:

- Percent total weight loss: %TWL = (initial weight-current weight)/(initial weight) × 100;
- Percent excess BMI loss: %EBMIL = (initial BMI-postoperative BMI)/(initial BMI-25)

× 100;
- Percent excess weight loss: %EWL = (initial weight-postoperative weight)/(initial

weight-ideal weight) × 100, where ideal weight is defined by the weight corresponding
to a BMI of 25 kg/m2.

Biochemical analysis included aspartate aminotransferase (AST), alanine aminotrans-
ferase, (ALT), gamma-glutamyl transpeptidase (GGT), lactate dehydrogenase (LDH), biliru-
bin, serum albumin, fasting glucose level, platelet count, total cholesterol, triglyceride,
HDL cholesterol and LDL cholesterol levels.

Advanced hepatic fibrosis was assessed by the Non-Alcoholic Fatty Liver Disease
Fibrosis Score (NAFLD Fibrosis Score). The calculation was performed according to the
following formula:

NAFLD Fibrosis Score = −1.675 + 0.037 × age (years) + 0.094 × BMI (kg/m2) +
1.13 × hyperglycemia/diabetes (yes = 1, no = 0) + 0.99 × AST/ALT ratio − 0.013 ×
platelets (× 109/L − 0.66 × albumin, g/dL). Values below −1.455 were considered as the
absence of liver fibrosis and those above 0.676 as the presence of advanced hepatic fibrosis.
Values between −1.455 and 0.676 were considered as indeterminate hepatic fibrosis [14].

Abdominal ultrasound was performed before the surgical procedure and 6 and
12 months after the surgery. Liver steatosis in abdominal ultrasound was graded
as follow:

• Score 0 (absent)—normal echotexture of the liver;
• Score 1 (mild)—a slight and diffuse increase in liver echogenicity with normal visual-

ization of the diaphragm and of the portal vein wall;
• Score 2 (moderate)—a moderate increase in liver echogenicity with slightly impaired

appearance of the portal vein wall and the diaphragm;

395



J. Clin. Med. 2023, 12, 4122

• Score 3 (severe)—marked increase in liver echogenicity with poor or no visualization
of portal vein wall, diaphragm and posterior part of the right liver lobe.

The hepatic biopsy was performed during the laparoscopic sleeve gastrectomy. Histo-
pathological examination included the assessment of the presence or absence of steatosis,
fibrosis and lobular inflammation.

2.1. Surgical Technique

The greater curvature of the stomach was dissected starting by 6 cm to the pylorus
up to the His angle. The reduction in stomach volume was performed using a 36-Fr
bougie and 60 mm linear staplers. At the end, the leak test was performed with the
use of methylthioninium chloride solution and air. The gastric specimen was sent to
pathology examination. Patients were discharged home a day after the surgery if no
complications occurred.

2.2. Data Analysis

Data were analyzed using GraphPad Prism 9.0.0 software (GraphPad Software, San
Diego, CA, USA). Normality of distribution was checked by the W Shapiro–Wilk test. The
Wilcoxon matched-pairs signed-rank test was used for comparison between the two groups.
The ANOVA Friedmann test was applied to comparisons between more than two groups
and the paired Dunn’s test for post hoc analysis. Continuous values are presented as
medians with interquartile ranges. The correlation between examined parameters and the
strength of that relationship was measured with the nonparametric Spearman rank-order
correlation coefficient. The significance level was set at p < 0.05.

3. Results

The study group included 55 patients, 32 men (58%) and 23 women (42%). The median
age of patients at the time of surgery was 43.5 years (22–54 years). The median preoperative
BMI was 45.6 (IQR: 42.5; 50.2) kg/m2. Of the patients, 62% (n = 34) had hypertension,
27% insulin resistance or type 2 diabetes (n = 15) and 41% hypercholesterolemia (n = 23).
Preoperatively, 6 patients were diagnosed with grade 1 liver steatosis, 33 patients with
grade 2 and 16 patients with grade 3. One year after the surgery, only 21 patients had
features of liver steatosis in abdominal ultrasound—grade 1 was observed in 19 patients
and grade 2 in 2 patients. The assessment of liver steatosis and its changes in abdominal
ultrasound during one year of observation is presented in Table 1 and Figure 2. The analysis
of preoperative liver specimens revealed hepatic steatosis in all patients, inflammatory
features in 32 patients (58.2%) and liver fibrosis in 12 patients (21.8%).

Table 1. The assessment of liver steatosis in abdominal ultrasound during one year of observation.

Liver Steatosis Status

Follow Up
0 6 Months 12 Months

Steatosis

Grade 0 N/A 20 (37%) 34 (62%)
Grade 1 6 (11%) 20 (37%) 19 (35%)
Grade 2 33 (60%) 13 (24%) 2 (4%)
Grade 3 16 (29%) 2 (4%) 0

Partial remission N/A 27 (49%) 16 (29%)
Total remission N/A 20 (37%) 34 (62%)
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Figure 2. Graphical presentation of liver steatosis regression in abdominal ultrasound.

All parameters representing postoperative weight loss showed a statistically significant
increase in one year of observation. The median %EBMIL rose from 61.8% (IQR: 53.6; 74.4)
6 months after the surgery to 71.0% (IQR: 61.3; 86.9) 12 months after the bariatric procedure
(p = 0.0036). The median %EWL increased to 61.8% (IQR: 52.4; 72.3) with p = 0.0013
and median %TWL to 32.5% (IQR: 28.2; 36.9) with p = 0.0003 one year after the bariatric
procedure. The results of bariatric effect in the study group are presented in Table 2 and
Figure 3.

The amelioration in liver enzymes profile was observed in one year of follow up,
including AST (25.5 (IQR: 19.0; 37.0) vs. 20.0 (IQR: 17.0; 26.0)), ALT (41.10 (IQR: 21.0; 53.9)
vs. 19.0 (IQR: 16.0; 24.0)), GGT (28.5 (IQR: 21.6; 56.5) vs. 18.0 (IQR: 13.7; 35.0)) and LDH
(235.0 (IQR: 186.0; 271.0) vs. 176.0 (IQR: 152.0; 184.0)). Table 3 presents changes in selected
laboratory parameters and NAFLD Fibrosis Score during the observation.

Table 2. Results of bariatric effects in study group.

Variables 0 6 Months 12 Months p-Value

BMI (kg/m2) 45.6 (42.5–50.2) 33.5 (29.4–35.8) 31.0 (27.5–34.5) <0.0001

%TWL N/A 29.2 (25.2–32.4) 32.5 (28.2–36.9) 0.0003
%EWL N/A 53.5 (46.3–62.4) 61.8 (52.4–72.3) 0.0013

%EBMIL N/A 61.8 (53.6–74.4) 71.0 (61.3–86.9) 0.0036

Values are expressed as median (IQR). BMI, body mass index; %EBMIL, percentage of excess BMI loss; %EWL,
percentage of excess weight loss; %TWL, percentage of total weight loss; N/A, not applicable.
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Figure 3. Changes in weight loss parameters during the observation. BMI, body mass index; %EBMIL,
percentage of excess BMI loss; %EWL, percentage of excess weight loss; %TWL, percentage of total
weight loss. Blue color refers to the preoperative examination, red—6 months after the surgery and
green—12 months after the surgery.

Table 3. Results of selected laboratory parameters during one year of follow up.

Variables 0 6 Months 12 Months p-Value

ALB (g/dL) 3.8 (3.7–3.9) 4.0 (3.9–4.2) 4.0 (3.9–4.1) <0.0001

PLT (×109/L) 234.0 (20.5–274.0) 218.0 (190.0–276.0) 233.0 (200.0–268.0) 0.5600
FPG (mg/dL) 110.0 (94.0–130.0) 94.0 (89.0–99.0) 89.0 (83.0–96.0) <0.0001

Bilirubin (mg/dL) 0.6 (0.4–0.7) 0.8(0.5–0.9) 0.9 (0.6–1.1) 0.0002
GGT (IU/L) 28.5 (21.6–56.5) 18.0 (12.5–27.0) 18.0 (13.7–35.0) 0.0003
LDH (IU/L) 235.0 (186.0–271.0) 179.0 (154.0–203.0) 176.0 (152.0–184.0) <0.0001
ALT (IU/L) 41.1 (21.0–53.9) 21.0 (14.7–26.0) 19.0 (16.0–24.0) <0.0001
AST (IU/L) 25.5 (19.0–37.0) 18.1 (14.0–24.0) 20.0 (17.0–26.0) 0.0002

Total cholesterol (mg/dL) 178.0 (148.0–193.0) 178.0 (144.0–201.0) 180.0 (153.0–180.0) 0.8285
LDL (mg/dL) 114.4 (96.3–129.0) 106.4 (82.0–133.0) 113.5 (76.0–132.6) 0.6769
HDL (mg/dL) 45.8 (37.1–50.4) 47.5 (39.8–57.6) 54.0 (46.8–65.0) <0.0001
TG (mg/dL) 156.1 (112.0–215.0) 109.0 (76.0–139.0) 86.0 (61.0–134.0) <0.0001

NAFLD Fibrosis Score 0.2 (−0.8–1.0) −1.1 (−2.3–−0.2) −1.6 (−2.4–−0.4) <0.0001

Values are expressed as median (IQR). ALB, serum albumin; PLT, platelet count; FPG, fasting plasma glucose;
GGT, gamma-glutamyl transpeptidase; LDH, lactate dehydrogenase (LDH); ALT, alanine transaminase; AST,
aspartate transaminase; LDL, low-density lipoprotein; TG, triglyceride; HDL, high-density lipoprotein.

The median NAFLD Fibrosis Score at baseline was 0.2 (IQR: −0.8; 1.0) and decreased
to −1.6 (IQR: −2.4; −0.4) one year after the surgery (p < 0.0001). There was a nega-
tive moderate correlation between NAFLD Fibrosis Score and mean %TWL (r = −0.434,
p < 0.0001), %EWL (r = −0.456, p < 0.0001) and %EBMIL (r = −0.512, p < 0.0001). The
assessment of the risk of advanced liver fibrosis and its changes during the observation is
presented in Figure 4.
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Figure 4. Risk of advanced hepatic fibrosis based on NAFLD Fibrosis Score.

4. Discussion

This study investigated the impact of one of the bariatric procedures, laparoscopic
sleeve gastrectomy, on the course of non-alcoholic fatty liver disease during one year
of observation.

Despite a number of promising treatment options for NAFLD, including antidiabetic
and anti-obesity drugs, drugs modifying the lipid profile, vitamin E supplementation and
novel therapeutic treatments inclusive of medication that interfere with inflammatory,
fibrotic and apoptotic pathways, healthy lifestyle modification combined with a decrease
in body mass remains at the core of management of NAFLD and NASH [15]. Dietary
recommendations for individuals with obesity and non-alcoholic fatty liver disease include:
reduction in energy intake, reduction in fructose consumption and a well-balanced diet
comprising 40–50% energy from carbohydrates, ≤30% fat (saturated fatty acids >7% and
<10% total energy) and about 20% protein [16]. However, very often, the above recommen-
dations are difficult to fulfill, and obese patients fail to achieve the expected weight loss.
Several studies have shown that laparoscopic sleeve gastrectomy causes significant weight
loss over both short- and long-term observation periods [17–19]. Kraljević et al. analyzed
307 patients who underwent LSG as a primary bariatric procedure. The mean %EBMIL was
62.8 ± 23.1% after 5 years, 53.6 ± 24.6% after 10 years and 51.2 ± 20.3% after 13 years [20].
Our study also proved that laparoscopic sleeve gastrectomy contributes to considerable
body mass reduction in patients with morbid obesity, reaching a median %EBMIL of 71.0%
(IQR: 61.3; 86.9) after 12 months. Algooneh et al. analyzed the impact of %EWL on the
resolution of NAFLD. A significant resolution of NAFLD was seen in patients achieving
a mean %EWL > 50% (OR 10.1; p < 0.001). However, resolution of NAFLD was observed
even in patients with a mean %EWL of 30% (OR 7.0, p = 0.024) [21]. In this study, the
median percentage of excess weight loss reached 61.8% (IQR: 52.4; 72.3) one year after
laparoscopic sleeve gastrectomy.

In a study conducted by Mattar et al., it was observed that weight loss induced by
bariatric surgery (Roux-en-Y gastric bypass (RYGB) or LSG) causes significant improvement
or resolution of NAFLD and NASH in liver histology, including steatosis, inflammation and
fibrosis [22]. Fakhry et al. conducted a wide metanalysis that included 21 studies with a total
number of 2374 patients who had undergone bariatric surgery (vertical-banded gastroplasty
(VGB), laparoscopic adjustable gastric banding (LAGB), RYGB or LSG). They provided
strong evidence that bariatric surgery not only improves biochemical and histological
features of NAFLD but also terminates the progression of the disease and resolves it in up
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to 30% of patients [23]. In our study, the total resolution rate for liver steatosis in abdominal
ultrasound was 62% (34 patients) one year after laparoscopic sleeve gastrectomy.

Bower et al. conducted a systematic review and proved that bariatric surgery is
associated with improvement of the histological features of NAFLD, including steatosis
(50.2 and 95%CI of 35.5–65.0), fibrosis (11.9 and 95% CI of 7.4–16.3%) and lobular inflam-
mation (50.7 and 95% CI, 26.6–74.8%) [24]. Another metanalysis that included 32 cohort
studies comprising 3093 biopsy specimens showed that bariatric surgery is an effective
method for the treatment of NAFLD, resulting in biopsy-confirmed resolution of steatosis
in 66% patients (95% CI, 56–75%), inflammation in 50% (95% CI, 35–64%), ballooning
degeneration in 76% (95% CI, 64–86%) and fibrosis in 40% (95% CI, 29–51%). However,
this metanalysis showed new features or worsening of NAFLD in 12% (95% CI, 5–20%)
of patients [25]. Moretto et al. analyzed 78 morbidly obese patients who had undergone
gastric bypass and had undergone liver biopsy during the surgery and after weight loss.
They found that the prevalence of liver fibrosis was 44.9% (CI 95% 33.6–56.6%) at the first
biopsy and 30.8% (CI 95% 20.8–42.2%) after weight loss (p = 0.027) [26]. However, it is
also known that rapid weight loss may increase the risk of hepatic fibrosis. Weight loss
of more than 1.6 kg per week results in a rapid reduction in hepatic fat and a subsequent
increase in visceral free fatty acids and proinflammatory cytokines, which may worsen the
course of the histological features of NAFLD [27]. An interesting observation was made by
Mathurin et al. Their research showed that the improvement of steatosis and ballooning
occurred mainly during the first year after bariatric surgery and persisted up to 5 years
postoperatively. However, they noticed that liver fibrosis worsened at 5 years even though
more than 95% of patients had a Fibrosis Score ≤ F1 [28]. The research conducted by Mottin
et al. showed that 16 out of 90 patients (17.8%) who underwent bariatric surgery had the
same degree of liver steatosis at the second biopsy as during the operation [29].

A study conducted by Ruiz-Tover et al. showed that liver steatosis measured by
abdominal ultrasound improves after sleeve gastrectomy. A complete resolution in liver
steatosis was observed in 90% of patients included in their study [30]. Complete resolution
measured by ultrasonography in our study was seen in 62% of all patients. Another study
conducted by Elyasinia et al. proved that both laparoscopic sleeve gastrectomy and gastric
bypass significantly enhance hepatic status in ultrasonography. Preoperatively, 81.8% of
patients were diagnosed with grade I or II liver steatosis. One year after the surgery, 72.7%
of patients presented no NASH signs in ultrasonography [31]. According to our study,
19 patients (34.5%) had grade 1 liver steatosis in abdominal ultrasonography after one year
of observation.

The previously mentioned research conducted by Bower et al. also confirmed an
amelioration in liver enzymes profile, including ALT (11.36 u/L, 95%CI 8.36–14.39), AST
(3.91 u/L, 95%CI 2.23–5.59), ALP (10.55 u/L, 95%CI 4.40–16.70) and gamma-GT (18.39 u/L,
95%CI 12.62–24.16) [19]. A study conducted by Kirkpatrick et al. revealed a reduction in
liver enzymes including ALT (66.21 vs. 28.58) and AST (46.28 vs. 24.69) during 12 months
of observation [32]. Groth et al. also observed an amelioration in the liver enzymes profile
in patients undergoing laparoscopic sleeve gastrectomy during 6 months of follow up (AST
22.0 (19.0–28.0) vs. 16.0 (13.0–22.0), p < 0.001, and ALT 27.5 (20.5–41.0) vs. 19.0 (15.0–27.0),
p < 0.001) with no statistical differences regarding gender (p = 0.840) [33]. Similar results
were observed in our study. We noted a statistically significant reduction in AST, ALT,
GGT and LDH serum activity. A reduction of transaminase levels decreases the risk of
progression to fibrosis and the end stage of liver disease. Additionally, Lee et al. proved
that patients with elevated serum aminotransferase levels are at a higher risk not only of
liver disease but also of all-cause mortality [34].

Nascimento et al. analyzed changes in NAFLD Fibrosis Score before and after
bariatric surgery. The NAFLD Fibrosis Score changed from −0.6845 before the surgery to
−1.6898 12 months after the procedure (p < 0.0002), indicating an absence of advanced liver
fibrosis in any patient 12 months after the surgery [35]. An intermediate degree of fibrosis
was identified in 12 patients (46.2%) one year after the bariatric procedure. The research
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conducted by Yang et al. also revealed statistically significant changes in the NAFLD
score (−1.636 vs. −2.123, p < 0.001) over a two-year observation period [36]. Sandvik
et al. observed a significant overall shift towards lower risk categories of advanced hepatic
fibrosis based on NAFLD Fibrosis Score in 11.6 years of observation (NAFLD Fibrosis Score
−1.32 (IQR −2.33; −0.39) vs. −1.71 (IQR −2.49; −0.95, p < 0.001) 11.6 years after surgery).
In the above-mentioned study, a weak negative correlation between the decrease in NAFLD
Fibrosis Score and weight loss parameters (%EWL (r = −0.251, p < 0.0001) and %TWL
(r = −0.280, p < 0.0001)) was observed [37]. In our study, a statistically significant decrease
in NAFLD Fibrosis Score was also seen. Additionally, we found a moderate negative
correlation between NAFLD Fibrosis Score and weight loss parameters, including the
percentage of total and excess weight loss and the percentage of excess BMI loss. Salman
et al. analyzed patients with NASH-related liver cirrhosis of Child class A scheduled for
laparoscopic sleeve gastrectomy due to morbid obesity. In their observation, the fibrosis
score regressed to F2 in 19 patients (26.8%) and F3 in 29 (40.8%) during 30 months of follow
up. Additionally, patients with improved Fibrosis Score had significantly higher weight
loss (p <0.001). Thirty months after surgical treatment, 53.8% of cases with borderline
NASH and 36.8% of those with probable NASH showed complete resolution. This study
proved that bariatric surgery may be an option in patients with NASH-related hepatic
fibrosis and morbid obesity [38]. In a study conducted by Murakami et al., the NAFLD
activity score was reduced in 10 of the 11 patients (90.9%), and there was a significant
difference between before and 1 year after laparoscopic sleeve gastrectomy (p < 0.05). Non-
alcoholic steatohepatitis was no longer demonstrated in 81.8% patients in liver biopsy
1 year after the surgery; however, the fibrosis stage did not significantly ameliorate 1 year
after laparoscopic sleeve gastrectomy [39].

The main limitation of our study is the fact that postoperative liver steatosis was
evaluated with ultrasonography and not by hepatic biopsy to examine histological features
of NAFLD. Some researchers may question ultrasonography as an imaging tool to predict
the presence and severity of liver steatosis based on the fact that it is a performer-dependent
and subjective imaging method. Generalizability of our results could be also impaired
by the low number of participants, and therefore it is important to remember that some
patients undergoing laparoscopic sleeve gastrectomy will not experience the amelioration
of liver steatosis during observation. The surgical procedure may not always improve the
grade of hepatic steatosis, or, in rare cases, it may even worsen the condition of the liver.
Additionally, longer observation could be performed in order to achieve strong evidence
that LSG improves the course of NAFLD.

5. Conclusions

In conclusion, our study confirms the thesis that laparoscopic sleeve gastrectomy is
an effective method for the treatment of NAFLD in morbidly obese patients. Weight loss
induced by LSG resolved NAFLD in more than 50% of patients according to ultrasound
features of steatosis in one year of observation. Laparoscopic sleeve gastrectomy led to sig-
nificant decrease in liver enzymes concentration and a reduction in NAFLD Fibrosis Score.
Considering the increasing global prevalence of NAFLD, laparoscopic sleeve gastrectomy
may be a crucial method of treatment in patients with morbid obesity and hepatic steatosis.
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Abstract: The pathophysiology of body weight control involves complex interactions between
hormonal, environmental, behavioral and genetic factors. The purpose of this study was to analyze the
association between single nucleotide polymorphisms (SNPs) of 13 genes encoding gastrointestinal
peptides, their receptors or the proteins involved in their expression, with long-term weight response
in a cohort of 375 patients undergoing bariatric surgery (BS). To evaluate weight response, we
combined several variables to define specific response phenotypes six years after surgery. The
study protocol was registered in ISRCTN (ID80961259). The analysis of the selected SNPs was
performed via allelic discrimination using Taqman® probes (Applied Biosystems, Foster City, CA,
USA). The genotype association study was performed using the SNPstat program, with comparisons
adjusted for sex, age, initial body mass index, type 2 diabetes, hypertension diagnosis and the
type of surgery. We identified eight genetic variants associated with the weight response to BS,
independently of the presurgery patient profile and the type of surgical technique, from which
we calculated the unweighted risk score (RS) for each phenotype. The highest scoring category in
each RS was significantly associated with lower weight loss (p = 0.0001) and greater weight regain
(p = 0.0012) at the end of the follow-up.

Keywords: risk score; SNP; bariatric surgery; weight regain; weight loss

1. Introduction

Bariatric surgery (BS) achieves substantial and persistent effects on weight loss in
patients with morbid obesity (MO) and improves the management of obesity-associated
comorbidities [1–4]. However, there is inter-individual variability in terms of the maximum
weight loss achieved [5,6] and long-term weight regain [7,8]. Genetic variation among
individuals underlies the variety of physiological responses in the context of BS, caloric
restriction and altered gastrointestinal hormones [9], with a lower degree of variability
in weight loss observed in genetically related subjects compared to genetically unrelated
matched individuals in the medium to long term after the intervention [10].

Genome-wide association studies (GWAS) have identified more than 300 single nu-
cleotide polymorphism (SNP) involved in eating behavior and energy expenditure, associ-
ated with body mass index (BMI) and adiposity traits [11–13]; however, in BS intervention,
studies are very limited [14]. Since 2003, Genetic Risk Score (GRS) studies have been
conducted to study weight loss and BMI evolution after BS, based on groups of SNPs in loci
identified in previous GWASs and replicated in various populations [12,15–17]. Depending
on the study, the SNPs included Vary. The results of the GRS studies suggest that some
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variants may modulate differences in weight response to BS, but there is little evidence
generated on the subject.

The primary objective of our work was to identify genetic markers associated with
weight loss and its long-term maintenance after different BS surgical techniques. Consider-
ing the physiological mechanisms involving gastrointestinal peptides and their signaling in
the appetite-regulating brain nuclei involved in body weight control at gastrointestinal and
hypothalamic level [18,19], the genetic variants selected encode for peptides, their receptors
or the proteins involved in their expression that are implicated in the control of energy
intake and expenditure.

2. Materials and Methods

This is a single-center retrospective study based on a prospective database from the
Hospital Clinico San Carlos, Madrid (HCSC). The cohort included 375 patients aged be-
tween 18 and 65 years (BMI > 40 kg/m2 or BMI ≥ 35 kg/m2 associated with comorbidity)
that were selected from a cohort of 510 subjects who underwent a first bariatric surgical pro-
cedure between 2009 and 2014, after applying the exclusion criteria previously reported [20]
together with the exclusion of subjects of Latin ethnicity and without genotyping. The
project was approved by the HCSC Clinical Research Ethics Committee (16 February 2009).
The study protocol was registered at https://www.isrctn.com/ (accessed on 1 January
2023) (ID ISRCTN80961259). Demographic, clinical and anthropometric information was
collected in the electronic health records prior to surgery. Type 2 diabetes (T2D) and hy-
pertension (HTN) were diagnosed and categorized. The different surgical techniques (STs)
were sleeve gastrectomy (SG), Roux-en-Y gastric bypass (RYGB), biliopancreatic diversion
with or without duodenal switch (BPD-DS) and single anastomosis duodeno-ileal bypass
with sleeve gastrectomy (SADI-S), as malabsorptive procedures. The type of surgical tech-
nique was chosen according to clinical practice criteria of hospital protocol based on age,
BMI and comorbidities.

The 375 cases were followed up after surgery, with annual appointments up to 8 years
with weight measurements [20]. The main variables for assessing weight response include
the percentage of total weight lost (%TWL), the percentage of excess weight loss (%EWL),
with ideal weight calculated for a BMI of 25 kg/m2 and WR as a percentage of maximum
weight loss (%WR_MWL) [21]. Nadir weight was determined based on all the postoperative
weight measures available, considering the lowest value. The end of clinical follow-up was
established in year 6 since it was the common period of follow-up of the entire sample
according to the inclusion dates.

2.1. Selection of Candidate SNPs

The genetic variants included in the association study with weight response were
48 SNP-like variants of 13 genes: GHSR, WFS1, BDNF, MC4R, GIPR, DPPIV, NPYR, CLOCK,
GLP1R, TCF7L2, KCNJ11, FTO and PYY. Table 1 lists the genes and SNPs included, with
the reference allele in each category. The genetic variants of the CLOCK gene (rs3749474,
rs1801260 and rs4580704) were analyzed in a previous work undertaken by our group [22].

The genetic variants included were chosen following the candidate gene selection
strategy. On the one hand, the SNPs of genes, which have been previously described as
being associated with obesity or weight response phenotypes, or which have functional
repercussions (modification of protein expression or structure), were studied directly
(MC4R, FTO, BDNF, GHSR, WFS1, GIPR, TCF7L2, KCNJ11 and CLOCK genes). For
candidate genes where no associated phenotype has yet been described (GLP1R, DPPIV,
NPYR and PYY genes), a haplotype study was performed using a tagSNP approach.
The selection of the tag SNPs (minimum allele frequency MAF—greater than 5%) was
carried out by consulting public-domain specialized databases for each candidate gene
(HapMap International public project [23], dbSNP [24] and Ensembl project [25]). To
identify the tag SNPs, the Haploview 4.1 program was used, which handles the data
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from the aforementioned databases. We included tag SNPs that allow for the detection of
haplotypes with a frequency higher than 10% in the Caucasian population.

Table 1. Genes and SNP included in the association study.

Candidate Gen SNP Reference Allele Assay ID

GHSR rs572169 C C___1079489_20
WFS1 rs10010131 A C__30473796_10
BDNF rs6265 C C__11592758_10
MC4R rs17782313 T C__32667060_10
GIPR rs10423928 T C__30103605_10

DPPIV rs17759529 C C__34245343_10
DPPIV rs2389643 C C__15784426_10
DPPIV rs2268889 C C__15875589_10
DPPIV rs12995983 T C___2789708_20
DPPIV rs3788979 C C___2789710_10
DPPIV rs741529 G C___2789719_10
DPPIV rs12469968 G C___2789726_10
DPPIV rs1861975 A C___2789730_10
NPY2R rs6849115 T C__30852111_10
NPY2R rs11099992 A C_____44829_10
NPY2R rs6857715 C C__29013142_10
NPY2R rs1047214 C C___7427258_20
NPY2R rs17304901 G C__32705343_10
NPY2R rs11728843 G C__30852113_10
NPY1R rs9764 T C___8788046_10
NPY1R rs7687423 A C___8066900_10
NPY1R rs11100489 T C__31208177_10
NPY5R rs11100493 T C_____74249_10
NPY5R rs4632602 C C__29684077_20
NPY5R rs11724320 T C_____74248_10
NPY5R rs7678265 C C_____74246_30
CLOCK rs3749474 C C__26405955_10
CLOCK rs1801260 A C___8746719_20
CLOCK rs4580704 G C__28028791_10
GLP1R rs10305439 C C___2491169_10
GLP1R rs2143734 A C__16072581_20
GLP1R rs877446 A C__11607361_10
GLP1R rs6923761 G C__25615272_20
GLP1R rs932443 T C___2491141_10
GLP1R rs2300612 T C__15755173_10
GLP1R rs2268640 G C___2491124_10
TCF7L2 rs7903146 C C__29347861_10
TCF7L2 rs12255372 G C____291484_20
KCNJ11 rs5215 C C___2991148_10
KCNJ11 rs5218 G C___2991149_20
KCNJ11 rs5219 T C__11654065_10
KCNJ11 rs886288 A C___9686373_10

FTO rs9939609 T C__30090620_10
FTO rs9939973 G C__11776771_10
PYY rs2700831 T C___2964503_10
PYY rs9890045 G C__30502516_20
PYY rs1684668 T C__11887233_10
PYY rs1618809 A C__27061985_10
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2.2. DNA Extraction and Genotyping of Samples

Two peripheral blood tubes (EDTA) of 10 mL each were collected from each patient.
DNA was extracted from peripheral leukocytes after a series of washes with red cell lysis
buffer and further treated with the DNAzol®—Genomic DNA Isolation Reagent extraction
kit, following the manufacturer’s protocol. The concentration and purity were determined
using a NanoDrop™ 2000/2000C spectrophotometer. Genotyping was performed using
predesigned TaqMan assays for each SNP (Assay ID included in Table 1) using a 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A genotyping call
rate over 95% per plate, negative sample controls and three well-differentiated genotyping
clusters were required to validate results.

2.3. Statistical Analyses

The data were expressed as the mean and standard deviation or median and interquar-
tile range for continuous variables and absolute and relative frequencies for categorical
variables. SNPStats software was used to evaluate Hardy–Weinberg equilibrium and the
genotype association study with weight response at nadir and at year 6, under multiple
inheritance models with respect to allele reference homozygotes [24]: co-dominant, dom-
inant, recessive, over-dominant and log-additive [26]. To evaluate the best model, the
Akaike Information Criterion (AIC) was used, choosing the model with the lowest AIC
value. A linear regression analysis was performed for quantitative response variables
(%TWL, %EWL and %WR_MWL), expressing the results with the mean, standard error and
mean differences (95%CI). For response variables coded as a binary variable (%WR_MWL
> 20% [21], %EWL > 50% [27]), a logistic regression analysis was performed, expressing the
results including genotype frequencies, proportions and OR (95%CI).

The association study of SNPs and weight loss and regain after BS was performed on
the overall sample. With the results of the association of each individual variant with the
weight response to BS, an unweighted risk score (RS) was calculated for each associated
phenotype: RS_%TWL_nadir, RS_%TWL_6y, and RS-%WR_MWL. Each SNP was assigned
a value of 2 for the homozygote of the risk allele, a value of 1 for the heterozygote of the
risk allele, and a value of 0 for all other combinations. We refer to the risk allele for each
SNP as the one that was significantly associated with lower weight loss or higher weight
regain in the association study in our cohort. The sum of the genetic variant scores was
calculated to obtain the RS-associated phenotype (RS-phenotype) scoring per patient. The
RS- phenotype scoring was coded as a categorical variable around the 75th percentile (score
P > 75 vs ≤P75). The association of the RS-phenotype codified scoring categories with the
weight response variables was studied by means of logistic or linear regression analyses,
replicating the SNPS-weight response association analysis. All of the comparisons were
adjusted for sex, age, initial BMI, pre-surgery T2D and HTN diagnosis and the type of
surgery. All p-values lower than 0.05 were deemed statistically significant.

3. Results

3.1. Association Study with Weight Response

The percentage of surgical techniques performed in these cases were as follows,
16% SG, 54.66% RYGB, and 29.3% malabsorptive (77% SADI-S, 23% BPD-DS), with a
median follow-up of six years (IQR = 5–8) after BS. At the time of the surgery, the mean
BMI was 44.87 ± 6.59 kg/m2, and the prevalence of T2D and HTN was 35.7% and 49%,
respectively. Table 2 shows the description of the demographic profile and the weight loss
and weight regain variables included as phenotypes in the association study.
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Table 2. Demographic profile and weight response variables at the follow-up. (N = 375).

Variable Value

Age, in years 44.79 ± 11.99
Female gender, n (%) 259 (69)

%TWL_nadir, 38.79 ± 9.84
%EWL_nadir, 91.19 ± 23.69

%TWL_6y 31.67 ± 11.62
%EWL_6y 74.08 ± 26.89

%EWL6y > 50%, n (%) 311 (82.93)
%WR_MWL, median (IQR) 15.76 (7.99–28.69)
%WR_MWL > 20%, n (%) 154 (41.1)

Mean (SD) unless otherwise stated. TWL, total weight loss; EWL, excess weight loss; nadir, maximum weight loss
achieved; 6y, at 6 years of follow-up; WR_MWL, percentage of weight regain from the maximum weight loss.

From the 48 SNPs analyzed, a total of eight showed an association with weight
response after BS after adjusting for age, sex, T2D, HTN, type of surgical technique and
initial BMI; five variants showed an association with weight loss and three variants with
weight regain. Figure 1 illustrates the mean values of %TWL at nadir and at the end of the
follow-up of the variants with significative association according to dominant or recessive
model, differentiating for each SNP, the genotype with a risk allele shown in red font. The
variant rs10423928 of the GIPR gene and rs1861975 of the DPPIV gene showed associations
with %TWL at nadir and at year 6. The variant rs9764 of NPY1R showed an association
with %TWL at nadir. The variants rs11100493 of NPY5R, rs1801260 of the CLOCK gene and
rs10305439 and rs2143734 of the GLP1R gene showed associations with %TWL at the end
of the follow up. The variant rs1801260 of the CLOCK gene, rs10305439 and rs877446 of
the GLP1R gene showed significant association with %WR_MWL at the end of the follow
up. The mean differences achieved (IC95%; p) are described in Table 3. AIC values for each
model in the genotype association study are included in Supplementary Table S1.

Figure 1. Mean values of %TWL at nadir and at year 6 according to the genetic variants.
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Table 3. Variants with significant association with weight response: Mean differences between
genotypes (N = 375).

Gene SNP %TWL_nadir %TWL_6y %WR_MWL Risk Allele

GIPR 10423928 −3.32 (−5.53–−1.11);
0.0036 −3.55 (−6.33–−0.77); 0.013 A

DPPIV 1861975 2.92 (−0.11–5.72); 0.042 3.92 (0.47–7.36); 0.026 A
NPY1R 9764 4.61 (0.09–9.13); 0.047 T
NPY5R 11100493 22.20 (2.19–42.20); 0.03 T
CLOCK 1801260 1.85 (0.07–3.62); 0.042 −3.27 (−6.42–−0.12); 0.042 A
GLP1R 10305439 2,71 (0.41–5.01); 0.022 −4.88 (−8.84–−0.92); 0.016 C
GLP1R 2143734 −1.76 (−3.46–−0.05); 0.039 G
GLP1R 877446 −5.03 (−9.72–0.34); 0.036 A

Mean difference (IC95%); p. TWL, total weight loss; %TWL_nadir, percentage of total weight loss at nadir;
%TWL_6y, percentage of total weight loss at year 6; %WR_MWL, percentage of weight regain from the maximum
weight loss to year 6. Results adjusted by age, sex, T2D, HTN, type of surgical technique and initial BMI.

TWL, total weight loss. Red lines: risk genotypes, associated with lower %TWL.
With the %EWL phenotype, no variants showed significant association with %EWL at

nadir. The number of variants associated with %EWL at the end of the follow-up was reduced
to 2, with the same sense of association and varying quantitative differences with respect to
%TWL: SNP rs1861975 of DPPIV gene [mean difference %EWL (IC95%) = 10.33 (1.79–18.88);
p = 0.018]; SNP rs10305439 of the GLP1R gene [mean difference %EWL (IC95%) = 6.45 (0.91–12.00);
p = 0.023].

The remaining variants showed no significant association with any of the weight
response phenotypes analyzed.

3.2. Clustered Risk and Weight Response

Once the risk alleles for each genetic variant and weight response phenotype were iden-
tified, three RS-phenotypes (RS_%TWL_nadir, RS_%TWL_6y and RS-%WR_MWL) were
calculated. The results of the logistic and linear regression analysis of the RS-phenotype
scoring categories and the variables %TWL_nadir, %TWL_6y and %WR_MWL are shown
below. All of the results were adjusted by age, sex, T2D, HTN, type of surgical technique
and initial BMI. The mean score of the RS_%TWL_nadir was 2.5 ± 1.28 points (0–6 points).
No association between RS_%TWL_nadir and %TWL_nadir was found.

The mean score of RS_%TWL_6y was 4.86 ± 1.66 points (0–12 points). A score of
≥7 points was significantly associated with weight loss at the end of the follow-up (Figure 2),
with a mean difference in terms of %TWL_6y [Mean difference (IC95%) = −5.37 (−7.97–−3.62);
p = 0.0001]. Scoring ≥ 7 points was also associated with a significant risk of achieving a
%EWL > 50% [OR (95%CI) = 0.46 (0.23–0.90); p = 0.026]. Table 4 includes a comparison of the
patient profile according to the RS_%TWL_6y scoring categories. No significant differences
were found in any of the variables included.

Table 4. Comparative pre-surgery variables according to RS_%TWL_6y scoring categories.

RS_%TWL_6y Categories

Variable
RS < 7

N = 306
RS ≥ 7
N = 70

p

BMI_00, kg/m2 44.65 (6.50) 45.77 (6.98) 0.225
Age, in years 44.79 (12.25) 44.77 (10.86) 0.988

Female gender, n (%) 212 (69.51) 47 (67.1) 0.73
T2D, n (%) 108 (35.4) 26 (37.1) 0.77
HTN, n (%) 141 (46.22) 41 (58.57) 0.06

Restrictive n (%) 52 (17.05) 8 (11.42) 0.25
Mixed, n (%) 164 (53.77) 41 (58.57) 0.45

Malabsorptive, n (%) 89 (29.18) 21 (30) 0.87
Mean (SD) unless otherwise stated. BMI_00, pre-surgery body mass index; T2D, type 2 diabetes; HTN, hyperten-
sion; RS, risk score; RS_%TWL_6y, risk score for total weight loss at year 6.
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Figure 2. Mean %TWL at year 6 according to RS_%TWL_6y scoring categories.

The mean RS-%WR_MWL score was 3.42 ± 1.46 points (0–12 points). A score of
≥7 points was significantly associated with weight regain, with a mean difference in
%WR_MWL [mean difference (IC95%) = 7.06 (2.80–11.31); p = 0.0012] and with a significant
risk of achieving an %WR_MWL > 20% [OR (95%CI) = 2.01 (1.22–3.31); p = 0.0059].

4. Discussion

In our work, the combined effect of genetic variants of GIPR, DPPIV, NPY1R, NPY5R,
CLOCK, and GLP1R genes was significantly associated with weight loss and long-term
weight regain. The risk score for the associated phenotype %TWL at year 6 included six
SNPs, of which only the rs9939973 variant of the FTO gene has been included in previous
GRS studies [28]. The RS_%TWL_6y scoring category of seven points or more, which
accounts for 18% of the sample, was associated with a mean %TWL at the end of follow-up
5.37 times lower than the mean %TWL of subjects scoring less than seven points (p = 0.0001)
and 2.17 times more likely to achieve an %EWL less than 50% (p = 0.026). The weight loss
achieved and maintained at year 6 was similar or even superior to previous studies [29–31]
that include a long-term follow-up [32], with 83% of the sample reaching an EWL above
50% at the end of the follow-up.

Most published studies conclude that weight loss appears to be influenced by multiple
genetic variants, which interact with each other and with phenotypic traits. The results
of the review by Gupta et al. [33] demonstrate that the combination of several genes, as
measured by genetic risk scores (GRS) in various studies [15,34,35] may have significant
predictive value after surgery. Genetic variants included in the GRS for weight develop-
ment after BS usually include hypothalamic genes related to monogenic obesity, involved
in the regulation of energy homeostasis, mainly the hypothalamic leptin-melanocortin sys-
tem [36]. In the study by Rinella et al., 17 SNPs with potential clinical utility were identified
from the 111 gene variants included, and the combined association with weight loss after
BPGYR was studied [37]. De Toro et al. studied the combined effect of 186 SNPs with a
polygenic risk score model in patients undergoing biliopancreatic diversion with duodenal
switch; however, only 11 variants showed a significant association with %EWL [35]. In the
OBEGEN study, a clinical-genetic predictive model of response was obtained by combining
three clinical variables (age, type of surgery and the presence of T2D) and nine SNPs out of
the fifty analyzed [38]. It should be noted that in all these studies, the ratio of variants with
significant associations with weight loss with respect to those included in the methodology
ranges between 6 and 20%. Moreover, due to methodological differences in the calculation
of the risk score, follow-up after BS, types of surgical techniques and adjustment for covari-
ables performed, no conclusive results concerning the key variants to be included in the
GRS models can be obtained.
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The phenotype of weight response was %EWL in most studies, with a follow-up of
up to four years after BS. In our study, a follow-up of six years, considered long-term, was
carried out, and weight regain phenotypes were included. Weight regain measured with
respect to maximum weight loss achieved was lower than in previous studies [21,39]. The
results of the association study showed that a greater number of significant associations
were found with the variable %TWL as a phenotype than with %EWL. Previous findings
of the original cohort showed that %TWL enabled better differentiation of weight loss
trajectories by surgical technique, age, sex and comorbidities [20]. Other studies suggest
that %TWL is the consistent measure for comparing weight loss between cohorts [40,41] as
it allows better averaging of individual weight response without reference to ideal BMI.

Our work includes 5 of the 39 genes included in the study by Ciudin et al. [38],
together with variants not studied in previous studies concerning risk scores. The 48 SNPs
included were chosen for their involvement in the pathophysiology of weight control, at
the gastrointestinal or hypothalamic levels [19,42]. There are multiple neuronal circuits
involved in the control of appetite regulation and energy expenditure [43,44], which encode
neuropeptides synthesized in central and peripheral neurons, together with the endocrine
cells of the gastrointestinal tract and other endocrinologically active organs [43,45]. The
genetic variants with significant association from GIPR, DPPIV, NPY1R, NPY5R and GLP1R
genes included in the risk scores are related to these neural axis circuits.

In the methodology for calculating the RS-associated phenotype, we used an un-
weighted model previously described in other studies [14,34,38], assigning risk scoring
according to the combination of risk alleles of the SNPs identified in the study of the
association of each individual variant with weight response. Adjustment variables include
potential predictors of long-term weight regain identified in a previous analysis by our
group based on the original cohort [20]. As a phenotype for calculating the risk score in
our series, we used the quantitative variable %TWL and %WR with respect to the maxi-
mum weight loss achieved without establishing a cut-off point, since there is no defined
phenotype nor a defined cut-off point [32] for long-term weight response after BS. The
%EWL variable with a cut-off point of 50% is the criterion used in most of the GRS stud-
ies [14,34,35,37,38]; although in the short term after BS, so it follows that the most significant
results with weight response have been obtained when using an extreme phenotype of
weight loss. The association found in our sample with this coded phenotype would allow
us to categorize the patients of our cohort as “hyper-responder” or “hypo-responder”,
according to Bonouvrie et al. [27].

The higher magnitude of statistical significance found in our sample when combining
several SNPs, pooling risk alleles for a given phenotype is consistent with what has been
reported in the literature: weight loss after BS may be influenced by multiple genetic
variants that have modest individual effects, but synergistically produce a larger aggregate
effect. As such, polygenic risk scores may better capture the genetic architecture of weight
loss with BS [33].

Some limitations related to long-term response to BS must be taken into consideration,
such as the lack of information on variables with potential impact on weight evolution
such as dietary intake and behavior, hormonal disturbances, weight loss medication and
the level of physical activity. Adjustments made based on the clinical profile and BMI at
the time of the surgery minimize the effect of potential confounding factors. Moreover,
the clinical profile of the patient when stratifying according to SR scoring categories was
comparable. The selection of genetic variants may miss potential SNPs with an effect on the
weight response, for which there is currently no proven evidence. Despite these limitations,
our strengths include a high rate of patient retention throughout a long follow-up and
having included phenotypes for both weight loss and regain.

In summary, in this large cohort of patients followed up to six years we have identified
genetic variants with combined effect in the weight response, some of which have not
previously been described. The aggregation of SNPs associated with weight loss and regain
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in our sample was different, suggesting a distinct grouped risk combination by weight
response phenotype.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcm12134288/s1, Table S1: Genotype association study:
Akaike Information Criterion (AIC) value for each model. Variants with significant association with
weight response variables.
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Abstract: Gastric bypass determines an increase in incretin secretion and glucose excursions through-
out the day and may sometimes entail the development of severe post-bariatric hypoglycemia (PBH).
However, there is no consensus on the gold standard method for its diagnosis. In this study, we
evaluated the usefulness of a mixed meal tolerance test (MMTT) and continuous glucose monitoring
(CGM) for the diagnosis of PBH, defined as glucose levels <54 mg/dL (3.0 mmol/L). We found
that hypoglycemia occurred in 60% of patients after the MMTT and in 75% during CGM, and it
was predominantly asymptomatic. The MMTT confirmed the diagnosis of PBH in 88.9%of patients
in whom surgery had been performed more than three years ago, in comparison to 36.4% in cases
with a shorter postsurgical duration. CGM diagnosed nocturnal asymptomatic hypoglycemia in
70% of patients, and daytime postprandial hypoglycemia in 25% of cases. The mean duration of
asymptomatic hypoglycemia was more than 30 min a day. Patients with ≥2% of their CGM readings
with hypoglycemia exhibited a higher degree of glucose variability than those with <1% of the time
in hypoglycemia. Our results show that the MMTT may be a useful dynamic test to confirm the
occurrence of hypoglycemia in a large number of patients with persistent and recurrent PBH during
long-term follow-up after gastric bypass. CGM, on its part, helps identify hypoglycemia in the
real-world setting, especially nocturnal asymptomatic hypoglycemia, bringing to light that PBH is
not always postprandial.

Keywords: gastric bypass; post-bariatric hypoglycemia; mixed meal tolerance test; continuous
glucose monitoring

1. Introduction

Bariatric surgery (BS) has proven to be a very useful tool for the management of severe
obesity since it allows significant long-term weight loss and amelioration, or even resolution
of associated comorbidities [1]. Despite its well-known beneficial effects in improving
patients’ metabolic syndrome and quality of life, BS also entails several controversies,
especially regarding weight regain and reappearance of comorbidities [2], an unexplained
increase in other causes of mortality [3], and deterioration of bone health [4].

Post-bariatric hypoglycemia (PBH) is one of the most defying challenges that patients
and clinicians encounter during the follow-up after BS, but its physiopathology and di-
agnosis have not been fully established. PBH is characterized by the development of
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hypoglycemia, usually between one and three hours after a meal, with adrenergic and
neuroglucopenic symptoms that improve after the administration of rapidly absorbed
carbohydrates (Whipple’s triad) [5]. In the literature, this clinical picture has been usually
referred to as postprandial hyperinsulinemic hypoglycemia (PHH); but given the frequent
occurrence of hypoglycemia not related to a prior meal intake, especially during the night,
the term PBH is generally preferred. Several studies have described an increased prevalence
two years after Roux-en-Y gastric bypass, but it has also been reported in patients who
underwent other types of procedures, such as sleeve gastrectomy, and one anastomosis
gastric bypass [6].

There is no generalized consensus on how to effectively diagnose PBH [5]. Indeed,
there is wide heterogeneity in the results observed across different studies, mainly due to
the specific characteristics of patients included, the diagnostic methods, and the thresh-
old values to define PBH. As a result, the prevalence of PBH has not been consistently
established, since it is clearly dependent on the diagnostic method used to identify it. For
instance, severe PBH, with associated neuroglucopenic symptoms, has been reported to
occur in less than 1% of patients [7,8]. However, its prevalence may grow up to 30% of
patients when specific questionnaires are used, [9] and more than 50% when dynamic tests
such as an oral glucose tolerance test (OGTT) or a mixed meal tolerance test (MMTT) are
used [5].

In an attempt to overcome the associated diagnostic difficulties, and with the avail-
ability of new technologies, continuous glucose monitoring (CGM) has been recently used
to better evaluate glucose excursions in post-bariatric patients. These devices are easily
placed on the patient, well tolerated, easily adjustable, and provide useful information
regarding interstitial glucose values and glucose variability throughout the day and night,
for several days. In fact, CGM aids in a deeper evaluation of glucose values, because it
allows correlation in the setting of the patient’s specific lifestyle, for instance, times of meal
intake, exercise, etc., and even helps detect asymptomatic periods of hypoglycemia. Thus,
overall, it allows a more precise diagnosis of PBH. In addition, CGM may be useful to
evaluate the effectiveness of specific dietary or pharmacological treatments [8].

The objective of this study is to evaluate the prevalence of PBH in a series of consecu-
tive patients who underwent RYBG and who report recurrent postprandial hypoglycemia,
using the MMTT and CGM for seven days.

2. Materials and Methods

2.1. Participants

We performed a cross-sectional study with 20 patients without known diabetes, aged
23–65 years old, who had undergone bariatric surgery (BS) (specifically, Roux-en-Y gastric
bypass) during the period between 2014 and 2019, and who referred hypoglycemic symp-
toms, according to Whipple’s triad. We collected data from their clinical records, including
age, sex, body mass index (BMI) before BS and at the time of evaluation, time since BS,
and percentage weight loss. Patients were excluded if they were taking any antidiabetic
medications since surgery or if they had glycated hemoglobin (HbA1c) levels >6.0% or
fasting blood glucose >100 mg/dL.

All patients signed a written informed consent. The study was approved by the Ethics
Committee of the Hospital Clinico San Carlos (code CI-11/080E, approved on 21 September
2011), and was in compliance with the Helsinki Declaration.

2.2. Mixed Meal Tolerance Test (MMTT)

Patients underwent a mixed meal tolerance test (MMTT) after a 12 h overnight fast. A
peripheral venous catheterization was performed in the forearm to draw repeated blood
samples at times 0, 30, 60, 90, 120, 180, and 240 min after intake of the standard beverage.
Glucose and insulin levels were analyzed at these different times. The standard product
used for the MMTT was TDiet 2.0® (Vegenat Healthcare, Badajoz, Spain), which is a 200 mL
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400 kcal beverage containing 45 g of carbohydrates, 20 g of proteins, and 15.5 g of total fat,
and was taken in less than 10 min.

2.3. Continuous Glucose Monitoring (CGM)

A CGM device was placed, after an overnight fast, for seven days, with surveillance
of glucose levels in interstitial fluid every five minutes, 288 times per day (Medtronic
Ipro2, Medtronic, Northridge, CA, USA). Each participant was instructed to calibrate
their CGM device at least twice daily. A download of glucose data was performed using
Carelink. Glucose variability (GV) was analyzed using standard measures of amplitude
and timing, i.e., using mean, median, standard deviation (SD), variation coefficient (CV),
minimum, maximum, and percentage of time under target ranges (<54 mg/dL, between 55
and 140 mg/dL, and >140 mg/dL) [10].

The device was placed on the patient by a trained nurse in the outpatient diabetes
clinic. Each patient received comprehensive instructions regarding calibration of the CGM
device, following the results of conventional capillary glucose monitoring, and according
to the manufacturer’s instructions. Specifically, patients were trained to perform 4 capillary
glucose tests throughout the day, three before each of the three main meals, and one before
bedtime, according to the Ipro2 user manual. In addition, patients were asked to perform
an additional capillary blood test at night if they woke up by any chance. The trained nurse
ensured that instructions were properly understood. All patients performed finger-prick
measurements with a glucometer, starting at 12 h after insertion of the CGM device, and
every six hours thereafter, during the seven days of the study.

CGM devices provided information regarding the time in which the patient underwent
a hypoglycemic event (blood glucose levels <54 mg/dL [3 mmol/L]) for more than 15 min.
We collected data on (a) the number of diurnal postprandial hypoglycemic events, occurring
between 06:00 and 00:00, after four hours from the last food intake, and (b) the number
of nocturnal hypoglycemic events, occurring between 00:00 and 06:00, after four hours
from the last meal. The following measurements were recorded: mean interstitial glucose
(IG) (mg/dL), mean IG peak (mg(dL), mean IG nadir (mg/dL), standard deviation [SD
(mg/dL)], and variation coefficient [CV (%)], percentage of time spent with IG <54 mg/dL,
% of the time with IG 55–70 mg/dL, % of the time with IG 71–140 mg/dL and % of the time
with IG >140 mg/dl.

Measurements were not obtained at the same time as the MMTT but were not delayed
more than a couple of days. The MMTT was performed in the first place, and then, the
CGM device was placed, with a time-lapse of just two days.

2.4. Dietary Intake during CGM

To estimate patients’ dietary intake, we used a self-reported record of seven consecu-
tive days, which included at least one non-working day. Data were standardized using the
EASY-DIET™ software (https://www.easydiet.es), from the Spanish Academy of Nutri-
tion and Diet. Physical activity was quantified using the International Physical Activity
Questionnaire (IPAQ) as METs/min/week.

2.5. Laboratory Tests

Plasma glucose levels were measured using the glucose oxidase method. HbA1c was
analyzed with a method standardized by the International Federation of Clinical Chemistry
and Laboratory Medicine, using ion-exchange high-performance liquid chromatography in
gradient, with a Tosoh G8 analyzer (Tosoh Co., Tokyo, Japan). Serum insulin was measured
by a chemiluminescence immunoassay in an IMMULITE 2000 Xpi (Siemens, Healthcare
Diagnostics, Munich, Germany).
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2.6. Statistical Analysis

Continuous variables were summarized as mean ± standard deviation. Categorical
variables were expressed as percentages. The incremental area under the curve (iAUC) was
calculated using the trapezoidal rule, with the deduction of fasting hormonal levels from
subsequent time points.

Comparison between continuous variables was performed using an independent-
sample t-test. For variables with a skewed distribution, Mann Whitney U-test was used
for mean comparisons. The Chi-square test was used to analyze categorical data. Linear
regression analysis was used to adjust for potential confounders identified in univariate
analysis. Repeated measures ANOVA was conducted for each outcome using “time” (for
each of the measurements performed at different times) as a within-subjects factor and
“group” (total severe hypoglycemia <1% vs. total severe hypoglycemia >2%) as a between-
subjects factor. All statistical analysis was performed using JASP Team (2023, version 0.17.1
computer software).

3. Results

Eighteen women and two men without previously diagnosed diabetes, who had
undergone Roux-en-Y gastric bypass and reported repeated postprandial hypoglycemic
symptoms, were included in the study. The mean age was 43.0 ± 10.5 years, and the mean
presurgical BMI was 43.9 ± 7.1 kg/m2. At the time of evaluation, the median time from BS
was 24 months (IQR 21–51), and the mean BMI was 28.5 ± 3.9 kg/m2, with a percentage
weight loss of 34.2 ± 8.7.

Symptoms of hypoglycemia occurred after one to three hours from the last food intake.
The most frequently reported (>90%) symptoms were overall general weakness and dizzi-
ness. Tremors and palpitations were reported by 55% of patients. Other neuroglucopenic
symptoms, such as sweating, blurred vision, or confusion, were not consistently reported.

3.1. Mixed Meal Tolerance Test

Twelve patients (60%) presented hypoglycemia (glucose values <54 mg/dL [3.0 mmol])
[Hypo group]. Compared with the group without biochemical hypoglycemia (Non-Hypo),
glycemia nadir was significantly lower (mean ± SD: 41.9 ± 8.4 mg/dL, for 90–180 min,
vs. 70.9 ± 15.5 mg/dL; p < 0.001), following prior hyperinsulinemia (mean insulin level
206.2 ± 79.7 μUI/mL during the period of 30–60 min, in the hypo group, than in the
non-Hypo group (108.2 ± 47.2 μUI/mL; p = 0.003). There were no differences between
both groups in age, BMI, time since surgery, HbA1c, C-Peptide, HOMA-IR, and glycemic
variability. Only four patients reported severe symptoms of hypoglycemia when their
glucose values dropped below 40 mg/dL. When this occurred, the MMTT was stopped
(min 90–120), hypoglycemia was treated by oral administration of 15 g of rapidly absorbed
carbohydrate, and glucose levels were monitored every 15 min until values were safely
above 60 mg/dL. The rest of the patients in the hypo group were either asymptomatic or
had mild symptoms of hypoglycemia that did not require discontinuation of the test.

Patients who had undergone surgery more than 36 months before the study (group
A) significantly exhibited more hypoglycemic episodes (glucose values < 54 mg/dL) after
the MMTT than patients who had undergone surgery less than 36 months ago (group
B) (88.9% vs. 36.4%, p = 0.0281). In addition, the former group had higher prior peak
insulin levels (209.4 ± 82.5 vs. 129.9 ± 73.3 μUI/mL; p = 0.035). The area under the
curve (AUC) was not significantly different for glucose values between both groups
(14,778.3 ± 4021.2 mg × dL × min for group A and 14,754.6 ± 5900.9 mg × dL × min for
group B), although differences were observed for the insulin AUC (11,986.7 ± 5476.4 vs.
6269.4 ± 3002.3 μUI × mL × h; p = 0.020 (Figure 1).
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Figure 1. The graph shows glucose (A) and insulin (B) secretion profiles, according to the time
elapsed after bariatric surgery. Individual glucose and insulin AUC values are shown, as well as the
boxplot representing the AUC (median and interquartile range). Curves on the right show the results
for the MMTT for subjects in whom surgery was performed before (green) or more than (orange)
three years ago.

3.2. Continuous Glucose Monitoring (CGM)

The mean number of readings for a median of seven days was 1705.9 ± 204.4. Fifteen
patients (75%) presented at least one hypoglycemic episode (glucose reading < 54 mg/dL)
for more than 15 min, and 3.1% of the total number of glucose readings. Amongst patients
with hypoglycemia, the mean number of episodes was 4.2 ± 2.7 and glucose values
were between 54–70 mg/dL for 19.5% of the time. Eight patients (66.7%) had nocturnal
hypoglycemia, with a mean number of 42.2 ± 2.7 events. This meant that nocturnal
hypoglycemia was recorded in 2.5 ± 2.0% of the total amount of glucose readings, meaning
213.2 ± 188.6 min throughout the six days of CGM.

Only five patients (25%) had diurnal postprandial hypoglycemia, with a mean number
of 9.6 ± 30.4 episodes (3.2 ± 2.1% of the total number of readings and 198.0 ± 151.9 min).
We did not find significant differences in the number of diurnal or nocturnal hypoglycemic
events according to the time elapsed after BS. A median of 1% of CGM readings in hypo-
glycemia (<54 mg/dL) was considered as the cut-off point to define those subjects with
a higher or lower percentage of hypoglycemia during the seven days of CGM recording.
So, if patients with severe hypoglycemia in ≤1% of their readings (n = 11) were compared
to those with ≥2% of their readings (n = 9), we observed that the latter group exhibited
a greater amount of time in overall hypoglycemia, during both day and night and with a
higher glucose variability (CV 0.26 ± 0.04 vs. 0.21 ± 0.05; p = 0.039) (Table 1).

Table 1. Clinical and laboratory characteristics after the mixed meal tolerance test (MMTT) and
continuous glucose monitoring (CGM) in subjects with different duration in severe hypoglycemia
(<54 mg/dL).

Total Severe Hypoglycemia ≤1% ≥2% p

Age (years) 40.2 ± 6.7 46.4 ± 9.7 0.517

BMI at time of BS (kg/m2) 47.03 ± 7.1 39.9 ± 5.1 0.033

BMI at time of CGM (kg/m2) 29.9 ± 3.6 26.8 ± 3.8 0.119

%WL at time of CGM 35.4 ± 10.6 32.7 ± 5.9 0.412

Time from BS (months) 42.6 ± 23 24.1 ± 12.0 0.073

HbA1c (%) at time of CGM 5.56 ± 0.4 5.2 ± 0.4 0.113

C-peptide at time of CGM 1.73 ± 0.78 1.34 ± 0.24 0.227

HOMA-IR at time of CGM 1.24 ± 0.82 1.19 ± 0.72 0.893
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Table 1. Cont.

Total Severe Hypoglycemia ≤1% ≥2% p

AUC glycemia MMTT
(mg × dL × min) 13,548.6 ± 3661.6 16,208.3 ± 6219.1 0.254

AUC insulin MMTT
(μUI × mL × min) 9639.6 ± 4424.8 7878.5 ± 5121.8 0.453

Mean BG (mg/dL) 89.5 ± 13.9 75.1 ± 8.8 0.022

Max BG (mg/dL) 175.6 ± 44.1 160.9 ± 23.8 0.518

Min BG (mg/dL) 48.4 ± 5.4 40.4 ± 1.3 0.002

% time in BG <54 mg/dL 0.55 ± 0.52 6.33 ± 4.18 <0.001

% time in BG 55–70 mg/dL 16.7 ± 13.4 33.2 ± 15.4 0.015

% time in BG 71–140 mg/dL 78.1 ± 11.3 58.9 ± 11.3 0.009

% time in BG >140 mg/dL 3.6 ± 6.1 1.56 ± 1.51 0.876

SD (mg/dL) 19.5 ± 6.1 19.3 ± 3.7 0.958

CV (mg/dL) 0.215 ± 0.05 0.261 ± 0.04 0.039

Diurnal hypoglycemias (%) 0.05 ± 0.17 1.73 ± 2.31 0.026

Nocturnal hypoglycemias (%) 0.79 ± 0.49 3.41 ± 1.92 0.009

Nocturnal hypoglycemias (min) 65.0 ± 48.9 295.6 ± 187.8 0.009
BMI: body mass index. BS: bariatric surgery. WL: weight loss. AUC: area under curve. BG: blood glucose. SD:
standard deviation. CV: variation coefficient. Multivariate analysis after adjusting for gender, age, presurgical
BMI, actual BMI, weight loss, time since surgery, and peak insulin levels in the MMTT did not show significant
results for their association with hypoglycemic events.

Multivariate analysis after adjusting for gender, age, presurgical BMI, actual BMI,
weight loss, time since surgery, and peak insulin levels in the MMTT, and repeated measures
ANOVA for time and group did not show significant results for their association with
hypoglycemic events.

3.3. Dietary Intake during CGM

Total dietary intake was not significantly different between patients with fewer hy-
poglycemia events (<1%) in comparison to those with frequent PBH (≥2%): 969.8 ± 149.6
vs. 1016.1 ± 220.2 kcal; p = 0.583. Regarding the distribution of macronutrients, we ob-
served that there was a significantly higher intake of protein (29.9 ± 3.8% vs. 24.6 ± 3.6%;
p = 0.005), but not a significant difference in the intake of carbohydrates (34.0 ± 3.4% vs.
38.9 ± 11.2, p = 0.214) or fat (36.1 ± 3.0% vs. 38.2 ± 11.1%; p = 0.580) in patients who had
frequent PBH (≥2%). Physical activity was also not different between patients with <1% or
≥2% hypoglycemia events during CGM: 1411.7 ± 845.1 vs. 1449.8 ± 1062.2 MET/min/wk;
p = 0.945.

4. Discussion

Our study reveals that more than 50% of patients with prior BS and symptoms of PBH
do indeed present hypoglycemia, with glucose levels below 54 mg/dL measured in an
MMTT and CGM. Even though the clinical relevance and interpretation of hypoglycemia
observed with these two diagnostic methods differ, it is a very significant finding, with
implications in everyday clinical practice. Interestingly, in our cohort of patients, 60%
experienced hypoglycemia after an MMTT, whilst only 20% referred symptoms at the time
of glucose values below 40 mg/dL. Patients who experienced postprandial hypoglycemia
after the MMTT (Hypo group) in our series had also a significant increase in prior insulin
levels (>200 μUI/mL), which doubles levels of patients without postprandial hypoglycemia
(non-hypo group).
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The underlying mechanism involved in the occurrence of PBH has been associated
with the increased gastric emptying observed after Roux-en-Y gastric bypass, entailing an
increased glucose absorption, which is accompanied by a significant increase in incretin
levels, including GLP-1 [11–13]. In this regard, when GLP-1 is blocked by administration
of its antagonist exendine 9–39, there is no hyper-insulinemic response, and hypoglycemia
reverts in all patients exhibiting PBH [14]. An imbalance in the counter-regulatory response
mediated by glucagon has also been suggested; specifically, lower early peak levels have
been observed after MMTT in patients with hypoglycemia, which were unable to counter-
regulate the over-elevated levels of insulin [12,13]. Even though this mitigated glucagon
response has been consistently reported in several studies, some authors have not observed
a significant difference in levels of patients with no PBH after RYGB [15], suggesting that
this analytical finding may be inherent to altered post-bariatric surgery physiology, in the
setting of sustained weight loss and lower nadir glucose levels, and not a true cause of
PBH. Interestingly, in the aforementioned study, the authors found that levels of pancreatic
polypeptide (PP) were significantly decreased in patients with PBH, in comparison to the
control group. Given the fact that PP is a surrogate marker of parasympathetic input to
the pancreas and a marker of autonomic hypoglycemia counter-regulation, in addition
to glucagon and catecholamines, the authors speculated a global attenuation of neuro-
hormonal responses to insulin-induced hypoglycemia in post-bariatric surgery patients
experiencing substantial weight loss [15].

In our study, we observed a higher frequency of hypoglycemia in patients who had
undergone BS more than three years ago, in agreement with previous reports [6,16]. A
potential explanation for this finding may be related to a greater widening of the gas-
troyeyunal anastomosis over time, which would enable an increased gastric emptying
and a greater incretin and insulin response to equivalent carbohydrate intake. In fact, in
patients who underwent BS more than three years ago, peak insulin levels and AUC were
much higher than in patients in whom surgery was performed less than 3 years ago.

We remark on the fact that the duration of the MMTT in our series was extended to
240 min because some patients may experience what is known as postprandial delayed
hypoglycemia. Indeed, in three of the 12 patients in the Hypo group (25%), the minimum
glucose levels were reached after 180 min. This consideration must be taken into account,
especially in the specific setting of post-bariatric patients since shorter evaluations of
only 120 min after intake of the mixed meal may underestimate the true prevalence of
postprandial hypoglycemia during the MMTT and reduce its utility for diagnosis. This
issue may turn markedly relevant. For instance, according to Halperin et al., CGM exhibits
a higher sensibility and specificity (90% and 50%, respectively) for detecting hypoglycemia
than MMTT (33% and 40%, respectively) [17]. Kefur et al. found similar trends favors to
CGM [18]. However, Honka et al. presented opposite results; they found a higher sensibility
and specificity (77% and 100%, respectively) for the MMT for detecting hypoglycemia [19].
It is worth noting that Halperin et al. [17] performed their MMTT with a mixed meal
containing 40 g of carbohydrates, and a duration of only 120 min, which, as previously
mentioned, may reduce the test’s sensibility. Kefur et al. [18], on their part, used a mixed
meal with only 28 g of carbohydrates, which is not enough for detecting hypoglycemia,
and, therefore, also reducing their test’s sensibility. Using around 50 g of carbohydrate
mixed meal and a sufficiently long duration for the test, similar to the one performed
in our study, the sensibility and specificity of the MMTT are significantly better than for
CGM [6,19]. The composition of the MMTT may also be relevant, but it has not been
consistently standardized. Although the total glucose load is lower than in the OGTT, the
mixed intake of protein and fat also triggers insulin secretion. In addition, because the
usual presentation of the mixed meal is in the format of a liquid preparation, it passes
quickly through the gastric pouch and the small intestine, thereby potentially increasing
the risk of early dumping and PBH.

From a clinical point of view, CGM seems more attractive than an MMTT to de-
tect hypoglycemia, since it allows the analysis of glucose excursions during day and
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night, for several days, in relation to real-world patient’s everyday life, and even de-
tects asymptomatic and unawareness hypoglycemia, such as nocturnal hypoglycemia, not
only postprandial hypoglycemia [20]. In a recent meta-analysis of eight studies including
280 post-bariatric patients, around 50% exhibited diurnal and nocturnal hypoglycemia,
according to CGM. Therefore, the authors concluded that CGM is the most efficient and pre-
cise method for detecting any form of PBH [6], in agreement with previous studies [17,18].
Another interesting finding of this meta-analysis is that patients with previous RYGB ex-
hibit a greater glucose variability than patients who underwent sleeve gastrectomy (SG); in
fact, they noted that diurnal hypoglycemia was more characteristic for post-SG patients,
whilst nocturnal hypoglycemia was more frequently observed in post-RYGB patients. In
line with these observations, a previous study performed by our group revealed a greater
glucose variability in patients with prior RYGB, in comparison to patients in whom their
BS preserved the gastric pyloric sphincter [21].

In line with this previous point, when evaluated using CGM, our patients showed a
higher frequency of hypoglycemia (75% of patients), with a clear nocturnal and asymp-
tomatic predominance (70%, versus 25% postprandial). This means that post-RYGB patients
experience a mean duration of at least 30 min with nocturnal asymptomatic severe hypo-
glycemia (<54 mg/dL). Unawareness of hypoglycemia may be due to repeated chronic hy-
poglycemia, which reduces the threshold for detection and triggering of counter-hormonal
response [20], or aberrant regulation of glycogenolysis and/or neoglycogenesis during
the night [22]. In this scenario, it is advisable to screen patients for nocturnal sweating,
poor sleep quality, restless dreams, and morning headaches as potential symptoms linked
to nocturnal hypoglycemia [22]. In this regard, for instance, our patients only reported
symptoms of hypoglycemia after the MMTT when glucose levels were below 40 mg/dL.
The clinical implication of this finding is highly relevant, since repeated unawareness of
hypoglycemia may entail deleterious effects on cognitive function [23] and is associated
with an increased risk of non-fatal stroke, cardiovascular-related death, and total mortality
in patients with diabetes [24,25].

The few studies that evaluate dietary intake and physical activity during CGM have
not been able to prove significant differences between patients with or without postprandial
hypoglycemia. In fact, there have been no differences either in macronutrient distribution,
i.e., in the intake of rapidly absorbed carbohydrates, glycemic index, or glycemic load [20,26].
In agreement with these previous reports, we have not found significant differences in
overall dietary intake or physical activity in our cohort of patients, although a very subtle
higher intake of protein in patients with frequent PBH. Additional studies are needed to
elucidate the relationship between the quantity and quality of carbohydrates and proteins
on insulin secretion in post-bariatric patients.

We did not find an association between the observed response of the Hypo and Non-
hypo groups to the MMTT, and the frequency of overall hypoglycemia detected with CGM.
However, when we stratified patients according to a low prevalence of hypoglycemia
(≤1%) versus a high prevalence (≥2%), glucose variability was greater and pre-surgery
BMI was lower in patients with a higher frequency of hypoglycemia, similar to what has
been previously reported [27]. Accordingly, we did not find differences in glucose and
insulin curves after the MMTT between both groups. Interestingly, 82% of the group with
<1% hypoglycemia was adequately controlled with diet and alpha-glucosidase inhibitors
within a few weeks, whereas 78% of the group with ≥2% hypoglycemia required 2 or
more drugs to control hypoglycemia symptoms. Some patients even required endoscopic
adjustment of gastro-jejunal anastomosis using argon plasma coagulation and/or the
Apollo overstitch procedure.

Therefore, we can assume that, from a clinical point of view, the MMTT and CGM
retrieve different results in patients that refer to PBH, but these results may complement
each other. In this regard, the MMTT is a provocative dynamic test that helps establish
the confirmed diagnosis of PBH in 89% of our patients with a longer duration after BS but
would be less predictive in patients reporting PBH with a shorter follow-up period after BS.
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On the other hand, CGM would serve as an alert for detecting any type of hypoglycemia
(postprandial, nocturnal, asymptomatic, symptomatic), in any case, scenario of everyday
life, regardless of the time elapsed after BS, the percentage weight loss or the result after the
MMTT, confirming the usefulness and convenience of CGM in the real-world setting [6].

A debatable matter regarding CGM is the specific type of device that should be used
and the threshold values for defining hypoglycemia. These devices usually measure glucose
levels in the interstitial liquid of the subcutaneous adipose tissue and prove an acceptable
correlation with plasma glucose levels. In our study, we defined hypoglycemia according
to a Joint Position Statement of the American Diabetes Association and the European
Association for the Study of Diabetes as glucose levels <54 mg/dL (<3.0 mmol/L), detected
by self-monitoring of capillary glucose, continuous glucose monitoring or a laboratory
measurement [28]. It is rare that this level is reached under physiological conditions in
nondiabetic individuals. Moreover, this threshold was chosen according to the study by
Shah et al., performed in healthy non-diabetic individuals wearing CGM for 10 days [29].
They found that 14% of participants had a hypoglycemic event overnight. Overall, 35% of
participants spent ≥2% of the time with sensor glucose <70 mg/dL (almost 30 min/d), but
only 1% of participants spent ≥2% of time <54 mg/dL. [28]. This could be viewed as the
most accurate approximation to the definition of PBH and for decision-making regarding
the treatment of critical situations, especially in the setting of patients with diabetes taking
glucose-lowering drugs.

However, discrimination of glucose levels in the range of severe hypoglycemia is
quite poor for the majority of CGM devices, and this should be taken into account [30].
In fact, one of the most critical aspects of studies evaluating hypoglycemia concerns the
accuracy and reliability of interstitial glucose measurements with different devices, which
is performed using the mean absolute relative difference (MARD) between CGM readings
and paired blood glucose values [31]. The ideal device would have a MARD < 10%, but the
mean MARD for the majority of CGM devices is well above that target, and in the range
of hypoglycemia, it may even be >20% [32,33]. The majority of studies evaluating PBH
have used Medtronic or Dexcom devices, with similar results using different thresholds
(<70 mg/dL, <60 mg/dL, or <50 mg/dL) [6]. Another important consideration is the
location for placing the device, since there may be noteworthy reading errors if the device
is trampled, for instance, if the patient rests on his/her arm, which is the usual site,
presumably, due to local blood-flow decreases caused by tissue compression [34]. To avoid
this potential confounder, our patients wore the device on the abdomen.

Our study has some limitations. First, we only evaluated patients with a prior history
of repeated hypoglycemia after RYGB, without a control group of asymptomatic patients
with the same type of BS, which may hinder the potential detection of differences in cases
of asymptomatic hypoglycemia. Second, we were unable to perform detailed dietary
and exercise recordings to account for all glucose excursions during CGM. Additionally,
even though patients calibrated the device according to capillary glucose levels every
six hours, calibration was withheld during the patients’ night-time rest. Thus, we lack
a paired comparison of the accuracy of the correlation of CGM and capillary glucose
levels during the periods in the range of hypoglycemia. In any case, we remark on the
strengths of our study, which concern the performance of an MMTT with a full evaluation
of glucose and insulin curves for 240 min, improved potential detection of hypoglycemia,
and the concomitant use of a CGM device for seven days to evaluate all glucose excursions
occurring during this period of time.

5. Conclusions

In patients with recurrent symptoms of PBH after RYGB, the MMTT confirms the
diagnosis of postprandial hyperinsulinemic hypoglycemia when bariatric surgery was
performed more than three years ago. Detection of nocturnal asymptomatic hypoglycemia
with CGM jeopardizes the idea that PBH is predominantly postprandial. Additional studies
with accurate CGM devices in the range of hypoglycemia are needed to better explore PBH.
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Abstract: Bariatric surgery is increasingly used in women of childbearing age due to the rising
prevalence of obesity and the effectiveness and availability of this treatment. Pregnancy in women
with previous bariatric surgery deserves special attention. Weight loss induced by surgery reduces
the risks that obesity poses to pregnancy. But on the other hand, decreased intake and malabsorption
may increase the risk of malnutrition and micronutrient deficiency and negatively affect maternal
and foetal health. The aim of this narrative review is to provide an updated analysis of the impact
of different bariatric surgery techniques on mineral and micronutrient nutritional status during
pregnancy and the possible effect on maternal–foetal health.

Keywords: bariatric; pregnancy; micronutrient deficiency

1. Introduction

Obesity is the most common metabolic disease in our environment and is associated
with numerous medical and psychosocial complications and a clear deterioration in the
quality of life. People with obesity have an increased risk of overall mortality and of
developing other pathologies, such as type 2 diabetes, arterial hypertension, dyslipidaemia,
respiratory diseases, and neoplasms, among others [1,2].

Obesity directly affects reproductive function in both males and females through
complex and not fully understood mechanisms. In women, obesity increases the risk
of infertility and is a poor prognostic factor when assisted reproduction techniques are
used [3,4]. Both pregestational maternal obesity and excessive weight gain are associated
with an increased risk of maternal–foetal complications, both short- and long-term [5–7]
(Table 1). The risk of developing these complications is high, more than double that of
normal-weight women [8]. It is estimated that 24.9% of the risk of any complication can be
attributed to maternal overweight, and this attributable risk reaches 31.6% in the case of a
large-for-gestational-age newborn (LBW) [8]. In morbidly or extremely obese women, the
risk of complications during pregnancy and delivery is even higher [9,10].
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Table 1. Clinical consequences of maternal obesity and excess weight gain in pregnancy.

Clinical Consequences of Maternal Obesity and Excess Weight Gain in Pregnancy

Maternal

Pre-conception Higher risk of type 2 diabetes, high blood pressure, and infertility.

Pregnancy Previous metabolic diseases, gestational diabetes, hypertension, deep vein thrombosis, pulmonary
thromboembolism, depression.

Delivery Higher risk of complications, instrumental delivery, caesarean, higher anaesthetic risk.

Postpartum Infection, depression, failure in breastfeeding, weight retention, obesity

Newborn and infant

Macrosomia, large-for-gestational-age newborn, prematurity, shoulder dystocia, birth defects,
neonatal hypoglycaemia.

Long term

Higher risk of obesity, metabolic complications.
Higher vascular risk for both the mother and offspring.

Bariatric surgery results in significant and sustained weight loss in people with severe
obesity and can decrease the risk of mortality and induce the remission or improvement of
most comorbidities. The increase in the prevalence of obesity and the efficacy of bariatric
surgery are leading to the increasing use of this treatment, especially in women of child-
bearing age.

Pregnancy in women with previous BS deserves special consideration. Weight loss
induced by surgery reduces the risks that obesity implies for pregnancy. However, due
to its effect on nutrient intake and absorption, it can also have adverse consequences on
maternal and foetal health. Among them, vitamin and mineral deficiencies are especially
frequent and require a protocolised evaluation and treatment.

The aim of this narrative review is to provide an updated analysis of the impact
of different bariatric surgery techniques on mineral and micronutrient nutritional status
during pregnancy and the possible effect on maternal–foetal health.

2. Bariatric Surgery and Pregnancy

Bariatric surgery (BS) includes a set of surgical techniques used in patients with
severe forms of obesity, with an aim to achieve weight loss, maintained over time, in
order to improve associated diseases and the quality of life. Various bariatric surgery
techniques have been described [11]. Based on their main mechanism of action, they
are usually classified into three main groups: restrictive: vertical banded gastroplasty,
adjustable gastric banding, and gastrectomy; mixed: gastric bypass; and malabsorptive:
biliopancreatic diversion and its variants. The most frequently used BS procedures are
Roux-Y gastric bypass (RYGB) and sleeve gastrectomy (SG); biliopancreatic diversion (BPD)
and gastric banding (GB), widely used a decade ago, have been displaced by the first
two [12] (Figure 1).

The mechanisms by which BS induces weight loss and improvements in metabolic
diseases are complex and not fully understood [13,14]. Decreased intake and malabsorption,
when present, are ultimately responsible for weight loss and improvements in obesity-
related complications, but surgery is also able to induce changes in digestive hormones,
such as ghrelin or GLP-1, among others, which are involved in the regulation of energy
expenditure, insulin sensitivity and secretion, modification of the microbiota [15], or the
physiology of bile acids [16,17]. Several studies have shown that, in patients with severe
obesity, bariatric surgery decreases the risk of mortality and can achieve the remission or
improvement of most comorbidities [18,19]. However, these procedures are not without
risks. Among these, vitamin and mineral deficiencies are particularly common and require
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protocolised assessment, preventive supplementation, and treatment [20,21]. Figure 2
shows the preferred sites of the absorption of minerals and micronutrients.

Figure 1. Main bariatric surgical techniques.

Figure 2. Main sites of absorption of minerals and micronutrients.

The risk of mineral and micronutrient deficiencies after bariatric surgery depends on
the patient’s dietary intake and on the anatomical and functional changes induced by the
surgery itself. Malabsorption is frequent in techniques that exclude the duodenum and
first jejunal loops and/or with a long biliopancreatic limb. It should be noted that in some
techniques that are usually not considered “malabsorptive”, such as Roux-Y gastric bypass,
the length of the limbs can vary considerably, and the biliopancreatic limb can be 150–200 cm
or more. In these cases, although the malabsorption of proteins and other macronutrients
is not frequent, the risk of a deficiency of micronutrients absorbed in the duodenum and
first jejunal loops, such as iron, calcium, or copper, is greatly increased. Steatorrhea further
decreases the absorption of calcium and liposoluble vitamins. Bariatric surgery induces
changes in several gastrointestinal hormones, such as GLP-1, which has been linked to
decreased food intake, improved glucose metabolism, and other lesser-known effects, such
as the modulation of the sense of taste [22]. No specific role in micronutrient absorption
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after BS has been described so far. Table 2 summarises the main mechanisms leading to
micronutrient deficiencies following different bariatric surgery techniques.

Table 2. Main micronutrient deficiencies after bariatric surgery.

Surgical Technique Physiopathological Factors Most Affected Micronutrients

Gastric banding Decrease intake
Food intolerance (meat, milk)

All micronutrients, especially those with low body
stores (thiamine)
Iron, zinc, calcium, vit D

Sleeve gastrectomy
Decrease intake
Food intolerance (meat, milk)
Gastrectomy

All micronutrients, especially those with low body
stores (thiamine)
Iron, zinc, calcium, vit D
Vitamin B12, iron, calcium

Roux-Y gastric bypass

Decrease intake
Food intolerance (meat, milk)
Gastrectomy
Duodenal/jejunal exclusion

All micronutrients, especially those with low body
stores (thiamine)
Iron, zinc, calcium, vit D
Vitamin B12, iron, calcium
Iron, calcium, zinc, copper, liposoluble vitamins

Biliopancreatic diversion
duodenal switch

SADI-S

Decrease intake
Food intolerance (meat, milk)
Gastrectomy
Duodenal/jejunal exclusion
Steatorrhea

All micronutrients, especially those with low body
stores (thiamine)
Iron, zinc, calcium, vit D
Vitamin B12, iron, calcium
Iron, calcium, zinc, copper, liposoluble vitamins
Calcium, liposoluble vitamins

Scientific societies have provided recommendations for clinical and nutritional follow-
up after bariatric surgery and proposals for preventive micronutrient supplementation,
according to the type of surgical technique [23,24] (Table 3).

Table 3. Proposal of micronutrient recommendations in pregnancy after bariatric surgery.

Micronutrient SG/RYGB BPD and Other Malabsorptive Procedures

Folate 400–8008 μg/d
800–1000 μg/d in women of childbearing age

Vitamin B12 350–1000 μg/d (oral or sublingual)
1000 μg/month IM-SC)

Thiamine 12 mg/d
Increase to 100–300 mg if low intake, nausea/vomiting

Vitamin D 3000 UI/d (Vit D > 30 ng/mL) A higher dose is usually needed

Vitamin A 800–3000 μg/d 3000 μg/d (10.000 UI)

Vitamin E 15 mg/d 90 mg/d

Vitamin K 50–120 μg/d 300 μg/d

Iron SG: male or non-menstruating: 18 mg/d
Menstruating female or RYGB/BPD: 45–60 mg/d

Calcium 1200–1500 mg/d 1800–2400 mg/d

Magnesium 350 mg/d 350 mg/d

Zinc SG: 8–11 mg/d
RYGB: 8–22 mg/d 16–22 mg/d

Copper SG: 1 mg/d
RYGB 2 mg/d 2 mg/d

The increasing number of BS procedures being performed today, especially in women
of childbearing age, makes post-surgery gestation a topic of great interest. Several sys-
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tematic reviews and meta-analyses that evaluate the effect of BS on maternal and foetal
outcomes have been published. Bariatric surgery can decrease the risk of obesity-related
complications in pregnancy [25–27]. However, it may also have adverse consequences on
maternal–foetal health [28–34]. Galazis et al. published a meta-analysis that includes 17
studies and provides results depending on the characteristics of the control group [25].
Thus, it is observed that the benefits of BS in reducing the risk of complications are more
evident when maternal–foetal outcomes are compared with those of women with severe
obesity. When the control group includes women with obesity, but the BMI is adjusted to
pre-pregnancy, a decreased risk of LGA, but an increased risk of preterm delivery and a
small-for-gestational-age (SGA) newborn, is observed. In this case, no increase or a decrease
in the risk of GD, preeclampsia, the need for caesarean section, or neonatal complications is
observed. The meta-analysis performed by Kwong et al. provides data on the effect of BS
on maternal–foetal complications when compared with a group with similar BMI before BS
and before gestation. The results of this meta-analysis indicate that, when compared with
women with equal pregestational BMI, prior BS decreases the risk of high birth weight and
increases the risk of low birth weight (<2500 g), SGA, the need for caesarean section, and
prematurity. No changes in the risk of GD or preeclampsia or neonatal complications were
observed [27]. There was a significant increase in the risk of perinatal mortality, congenital
anomalies, preterm birth, and neonatal ICU admission, with a birth weight more than 200 g
lower than those born to mothers without prior BS [35].

There is little information on the most appropriate interval between bariatric surgery
and pregnancy and on the risk of complications of early gestation [36–38]. Clinical guidelines
recommend delaying pregnancy for 12–18 months after BS, until weight loss has stabilised
and dietary intake is adequate, to prevent nutritional deficiencies [31,32,39,40]. Although
studies that have evaluated early pregnancies have not consistently observed an increase in
complications [36,37,41], a closer clinical follow-up is recommended in these cases.

3. Micronutrients, Pregnancy, and Bariatric Surgery

Maternal nutritional factors are of great importance for foetal development. Energy
and nutrient requirements increase during gestation to allow for adequate embryonic and
foetal development and the necessary changes in the mother for pregnancy and lactation. A
balanced diet, which provides enough energy, usually contains enough essential micronu-
trients. However, during pregnancy, requirements are often not met by food-based diets,
and in these situations, specific supplementation is necessary to prevent deficiencies [42].
Micronutrients are essential for foetal development (Table 4). There is no unanimous
agreement on preventive supplementation during pregnancy, which will depend on the
characteristics of the pregnant woman and the risk of deficiency in her environment [43–47].

Previous bariatric surgery, especially if there is significant malabsorption, can increase
the risk of malnutrition and micronutrient deficiencies during pregnancy, with adverse
consequences for the mother and newborn [29–34]. There are several factors that may
favour the risk of micronutrient deficiency in pregnancy after bariatric surgery, including
decreased intake, gastrectomy, and malabsorption, as has been described before. There are
few data on dietary intake in pregnant women with previous barbaric surgery. Available
information suggests that it may be insufficient in essential nutrients [44]. In general,
malabsorptive techniques are associated with a higher risk of complications in pregnancy
after BS, especially maternal anaemia and low-birth-weight babies [45]. Anyway, it should
be noted that patients who undergo malabsorptive BS have a higher pre-surgical BMI
and that pregnancy in women with a BMI over 50 kg/m2 presents a very high risk of
complications [46]. There are other risk factors for micronutrient deficiency that should not
be overlooked. Veganism increases the risk of vitamin B12, iron, and zinc deficiencies. Drug–
nutrient interaction therapy should be considered; for example, proton-pump inhibitors
can decrease vitamin B12, iron, and magnesium absorption. Smoking and consumption of
alcoholic beverages, well-recognised causes of pregnancy complications and alterations
in foetal development, can also induce micronutrient deficiencies [47]. The evaluation of
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the nutritional status of vitamins and minerals should consider the reference serum values
during pregnancy [48].

Table 4. Clinical consequences of micronutrient deficiency during pregnancy.

Micronutrient Clinical Consequences of Deficiency for Maternal–Foetal Health

Folate Neural tube defects, miscarriage, abruptio placentae, prematurity

Vitamin B12 Abortion, prematurity, growth retardation, neural tube defects, cognitive
impairment

Thiamine Risk of thiamine deficiency in hyperemesis gravidarum

Vitamin D Gestational diabetes, preeclampsia, low birth weight, long-term complications

Vitamin A Foetal malformations, pulmonary dysplasia, anaemia

Vitamin E Preeclampsia, neural tube defects, cognitive impairment, haemolytic disease of
the newborn

Vitamin K Periventricular and intraventricular haemorrhage

Iron Increased maternal and foetal morbidity and mortality, miscarriage, decreased
weight and foetal development

Zinc Delayed foetal growth and maturation, prematurity

Copper Abortion, prematurity, low weight

Selenium Preeclampsia

Iodine Alteration in the development of central nervous system, mental retardation

This section describes the main micronutrient deficiencies in pregnancy after bariatric
surgery. For each micronutrient, its physiology, its relationship with pregnancy, the effect of
bariatric surgery, and data on its deficiency in pregnancy after bariatric surgery are described.

3.1. Folate

Folic acid and folate are precursors of the coenzyme tetrahydrofolate, which is involved
in the transfer of one-carbon groups in the metabolism of amino acids and nucleic acids.
It also participates as a donor in the methylation of homocysteine to methionine. Folate
deficiency alters DNA synthesis and cell division and induces megaloblastic anaemia,
leukopenia, thrombopenia, and other alterations [49]. Folate stores are not high: the
body’s folate content ranges from 5 to 10 mg [49]. The main dietary sources of folate are
vegetables, fruits, cereals, eggs, and fortified foods. Absorption occurs preferentially in
the proximal third of the small intestine, being lower in patients with atrophic gastritis or
intestinal resection. Folate requirements range from 300 to 400 μg/day, according to various
guidelines and recommendations [50]. It is recommended that women of childbearing age
receive a dose of 400 mg, in addition to that provided by food [50].

Folic acid is a relevant micronutrient during pregnancy and is essential for neural tube
development [51]. Folate requirements increase in pregnancy by 50% because of increased
maternal plasma volume, uterine and placental size, and foetal development. Maternal
folate intake is related to newborn weight [52]. Most organisations recommend a total
folate intake of 600 μg/day [50]. Folate deficiency during pregnancy is associated with
neural tube defects (NTDs), with clinical manifestations of varying degrees of severity. In
the brain, it can cause anencephaly and encephalocele, situations incompatible with life. In
the spinal cord, it causes spina bifida syndrome, an isolated cleft of the spine, meningo-
cele, and myelo-meningocele. In 90% of cases, they appear as isolated malformations.
Folate deficiency has also been linked to recurrent miscarriage, placental abruption, and
prematurity [53], probably related to a toxic effect of homocysteine on the embryo and
alterations in placental vascularisation [54]. Pregnant women with obesity are at increased
risk of NTDs. Obesity may lead to decreased plasma folate levels and increased erythrocyte
uptake [55]. Folate requirements during pregnancy are generally not met by the diet. Folate
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supplementation, alone or in combination with vitamins and minerals, reduces the risk
of NTDs [56]. However, it has no clear effect on other malformations or on other clinical
variables of pregnancy [57]. Most guidelines recommend preventive supplementation
with 400 mcg/day, starting 4 weeks before conception and lasting until at least week 12
of gestation. In women at high risk of neural tube defects, including women with obesity,
a higher dose of 1–4 mg/day is recommended [58]. It should be kept in mind that doses
higher than 1 mg/day may mask symptoms of vitamin B12 deficiency.

The prevalence of folate deficiency after bariatric surgery is highly variable in different
series. Although folate absorption occurs primarily in the proximal intestine, there is an
intestinal adaptation that allows it to be absorbed throughout the intestine after a bowel
resection. For this reason, the prevalence of folate deficiency after BS is lower than for other
water-soluble vitamins and is generally easily prevented with a multivitamin [59]. Anyway,
deficiency has been reported in up to 44–65% of patients after restrictive techniques [60,61]
and 8–47% after mixed techniques [59,62]. However, other authors have not observed
deficiencies after RYGB or BPD [63]. A systematic review of the literature did not reveal an
increase in folate deficiency after BS [64].

Data on the prevalence of folate deficiency throughout gestation after BS are very
scarce. Very few cases of NTDs have been reported [65,66]. This is striking, considering
the increasing number of such pregnancies and the fact that obesity itself increases the
risk of NTDs. Regarding the prevalence of folate deficiency, the reference serum levels for
pregnancy should be noted. In a prospective study of 49 patients with malabsorptive BS,
4% had levels below 2.52 ng/mL in the first trimester [67]. In another retrospective study
analysing 39 pregnancies (including 9 miscarriages), decreased levels were observed in
16% of pregnancies in the first trimester [68]. In a retrospective multicentre study in Spain,
folate deficiency was observed in 5.4% of pregnancies [69].

3.2. Vitamin B12

Vitamin B12 is present in animal tissues. Its absorption is very complex: it first needs
to be freed from dietary proteins via the action of gastric acid and pepsin and then binds to
haptocorrins, glycoproteins present in salivary and gastric secretions. The absorption of
vitamin B12 occurs specifically in the distal ileum. Vitamin B12 is excreted via the bile and
undergoes enterohepatic circulation [70]. Vitamin B12 deficiency results in megaloblastic
anaemia, and, in severe cases, leukopenia and thrombopenia may occur. In addition,
vitamin B12 deficiency has neurological effects, with paraesthesias and the involvement
of the posterior cords of the spinal cord, which can sometimes occur in the absence of
anaemia [70].

Vitamin B12 deficiency during pregnancy is associated with an increased risk of
prematurity, miscarriage, intrauterine growth retardation and low birth weight, neural tube
defects, and impaired cognitive development [71,72].

The complexity of vitamin B12 absorption makes vitamin B12 deficiency very common
in any clinical situation involving the gastrointestinal tract, including bariatric surgery [73].
In mixed and malabsorptive techniques, deficiency is very common; it affects more than
75% of cases and increases as time passes after BS, when the body’s stores of this vitamin
are depleted, so prophylactic supplementation is recommended [73,74]. In general, it is rec-
ommended that vitamin B12 be administered intramuscularly (1000 μg/30–90 days) [75,76].
Oral or sublingual administration at high doses (more than 350 mg/day) also normalises
plasma levels [75].

Clinical vitamin B12 deficiency during pregnancy after BS is rare but can cause serious
problems in the newborn or infant, even in the absence of maternal symptoms [77–79].
Vitamin B12 requirements during pregnancy or lactation after BS are not established. Guide-
lines recommend a similar pattern to that in the non-pregnant population [76]. A recent
study evaluated the levels of several micronutrients in the cord blood of 56 NBs of mothers
with a history of BS compared to a group of NBs of healthy mothers. In the case of vitamin
B12, decreased levels were observed in 14% vs. 2% (p < 0.05) [80]. Another study evaluated
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plasma vitamin B12 levels in 150 pregnancies after different BS techniques. Vitamin B12
levels did not decrease throughout gestation. An asymptomatic decrease in plasma levels
(<130 pg/mL) was observed in 11.7% in the BPD group, 15.6 after RYGB, and 11% after SG;
in eight patients, it was below 100 pg/mL [81]. Preventive vitamin B12 supplementation
recommendations should be followed after BS and maintained throughout pregnancy. The
dose included in ordinary or usual pregnancy multivitamins is not sufficient.

3.3. Thiamine

Thiamine is a water-soluble vitamin involved in carbohydrate metabolism, such as
glycolysis, as a cofactor of the enzyme pyruvate dehydrogenase, and the pentose path-
way. It is present in many foods and is absorbed primarily in the proximal small intestine.
Body stores are very low, which increases the risk of clinical deficiency if intake is inade-
quate [82]. Thiamine deficiency is promoted by decreased intake, vomiting, intravenous
glucose administration, refeeding, or ethanol intake and results in a clinical picture with
ophthalmoplegia, nystagmus, confusion, and peripheral neuropathy. Laboratory data
(plasma thiamine levels or transketolase activity) confirm the deficiency. Magnetic reso-
nance imaging is of particular interest, as it characteristically identifies a hyperintense T2
signal in the periaqueductal white matter [83]. Treatment should be initiated immediately,
even if it is based solely on clinical suspicion, by administering high doses of thiamine
(300–500 mg/day parenterally), followed by 50–100 mg/day orally for months [84].

Thiamine requirements increase during pregnancy and lactation [85]. Hyperemesis
gravidarum is a recognised cause of thiamine deficiency and is probably underdiagnosed [86].
The recommended daily intake during normal pregnancy and lactation is 1.4 mg/day [87].

Thiamine deficiency is a complication of bariatric surgery, which can have serious con-
sequences and lead to irreversible neurological damage [88,89]. It has been described with
all surgical techniques: most have been identified in patients with nausea and vomiting,
poor oral tolerance, or poor compliance with supplementation. Diagnosis should be made
early, as the delay can lead to irreversible neurological damage and, in the case of preg-
nancy, can have serious consequences for the mother and foetus [90]. It is recommended
that all patients receive ≥12 mg/day of thiamine after BS [23]; supplementation should
be maintained throughout life [91]. This dose should be increased in case of any risk of
deficiency, such as anorexia, low intake, vomiting, or refeeding (50–300 mg/day).

There are few data in the literature on thiamine deficiency during pregnancy in women
with previous BS. So far, one case of clinical deficiency has been described in a post-RYGB
pregnancy with hyperemesis gravidarum [92]. Asymptomatic low thiamine serum levels
in the third trimester have been observed in 17% of patients, being more frequent in
malabsorptive techniques [67]. In another study evaluating serum levels in 57 pregnancies,
decreased serum levels were observed in 45.5, 15.4, and 20% in the three trimesters of
gestation, respectively [93]. In both studies, normal ranges for the non-pregnant population
were used.

3.4. Calcium and Vitamin D

Calcium is an essential nutrient in human physiology that is involved in several
metabolic pathways. Vitamin D-dependent calcium absorption takes place mainly in
the duodenum and first jejunal loops; calcium requirements depend on the nutritional
status of this vitamin. Vitamin D has multiple functions in the body: it promotes the
absorption of calcium, phosphorus, and magnesium in the intestine, which allows for
adequate bone mineralisation, stimulates innate and adaptive immunity, inhibits cell
proliferation, and stimulates cell differentiation. The Endocrine Society proposes a serum
level >30 ng/mL [94].

Vitamin D deficiency (VDD) is common in the general population and in pregnancy
and can have adverse consequences on maternal and foetal health [95]. Vitamin D is
involved in placental function, and its deficiency has been linked to insulin resistance
and GD and to preeclampsia [96]. It is also involved in the development of the foetal
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nervous system, immune function, and lung maturation. VDD has been associated with
an increased risk of low birth weight in some studies, but others have not observed this
association. A meta-analysis including 12 studies with 19,027 patients found that vitamin
D below 20 ng/mL is associated with an increased risk of SGA (birth weight percentile
< 10), with an OR of 1.41, 95% CI 1.14, 1.75, 1.75 [97]. Women with deficient VitD levels
had a higher preeclampsia rate compared to women with replete VitD levels (OR 1.50,
95% CI 1.05–2.14) [98]. Vitamin D below 16 ng/dL has been associated with a higher
risk of C-section, and a level below 14 ng/dL has been associated with a higher risk of
prematurity [99].

Bariatric surgery can induce calcium deficiency due to low dietary intake and mal-
absorption. Vitamin D deficiency is very common in morbidly obese patients. Bariatric
surgery, especially when malabsorptive techniques are used, favours vitamin D deficiency,
which is observed in more than 70% of cases. Long-term follow-up studies have also shown
that VDD prevalence is high and is generally associated with increased PTH levels, which
may have consequences for bone health. A systematic review of the literature confirms that
hyperparathyroidism persists in the long term, despite calcium and vitamin D supplemen-
tation [100]. Several prevention and treatment guidelines have been described, which in
general include regular monitoring, calcium supplementation, especially in techniques that
exclude the duodenum, and vitamin D supplementation at the necessary dose, depending
on the surgical technique [101]. The ASMBS recommends supplementing all patients with
calcium (BPD 1800–2400 mg/day; RYGB, SG, and GB 1200–1500 mg/day) and vitamin D
to maintain plasma levels above 30 ng/mL, generally 3000 IU/day [23,75].

Vitamin D deficiency is prevalent in pregnancy after bariatric surgery, although data
in the literature are limited. In a study conducted in Brazil in 46 pregnancies after RYGB,
70% had levels below 20 ng/mL in all three trimesters. Hypocalcaemia was reported
in 15% of cases in the first and second trimesters and in 20% in the third trimester and
an increased PTH in 32.6% of pregnancies in the third trimester [102]. These data were
confirmed in another retrospective study evaluating 42 pregnant women with a history of
RYGB, also conducted in Brazil, which observed an inadequacy of vitamin D levels of up
to 90 [103]. Bariatric multivitamins can prevent vitamin D deficiency during pregnancy
in women with previous RYGB [104] As bariatric surgery increases the risk of vitamin D
deficiency, pregnancy in women with BS may pose a risk to bone health if not adequately
supplemented.

3.5. Vitamin A

Vitamin A, present in foods as retinol or retinyl esters or as provitamins in the form of
carotenoids, plays an important role in cell growth and differentiation, vision, immunity,
and reproduction. The main dietary sources are liver, dairy, and fish oils, as well as coloured
vegetables in the case of provitamin A carotenoids. Vitamin A deficiency (VAD) is very
prevalent in developing countries and is a public health problem [105]. A diagnosis is
considered when plasma levels are below 20 μg/dL [106]. Retinol is bound to prealbumin
and retinol-binding protein (RBP), and serum levels may not always indicate vitamin A
nutritional status [107].

Vitamin A is an essential nutrient in embryonic and foetal development for lung and
sense organ maturation [108]. VAD during pregnancy is associated with an increased
risk of low birth weight, prematurity, lung disease (bronchopulmonary dysplasia), an
increased risk of infection in the newborn, and mortality in the neonatal period. In addition,
vitamin A deficiency decreases iron mobilisation and increases the risk of anaemia [109].
It is estimated that there are approximately 19 million pregnant women with vitamin A
deficiency [110]. The WHO recommends universal vitamin A supplementation during
pregnancy in regions with a high prevalence of deficiency and night blindness [111].
During gestation, an intake of 700 μg/day is recommended [112]. High intakes of vitamin
A (>3000 μg/day or >10,000 IU/day) during pregnancy are associated with an increased
risk of malformations and should be avoided [112].
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Bariatric surgery is nowadays one of the leading causes of clinical vitamin A defi-
ciency in developed countries. The prevalence of decreased vitamin A serum levels in
malabsorptive techniques can reach 60% [113]. In gastric bypass, a prevalence of 11%
has been reported, and it is associated with visual symptoms such as xerophthalmia or
night vision impairment [114]. In a prospective study in GBP patients, decreased levels
were observed in 37.5%, 50.8%, and 52.9% preoperatively, at 30 days, and at 180 days,
respectively [115]. Clinical vitamin A deficiency, manifested by visual and skin changes, is
less common. Several clinical cases have been reported, especially after BPD [116–120]; the
prevalence of clinical deficiency can reach 2.8–10% in some series. The ASMBS recommends
supplementation with 5000–10,000 IU/day in malabsorptive BS [6,23,75].

Vitamin A deficiency may have adverse effects on pregnancy after bariatric surgery [121].
Some cases of malformations, such as microphthalmia, and other foetal complications
secondary to maternal VAD have been reported. The first case of clinical vitamin A
deficiency during gestation, 13 years after BPD, was published in 2002 [122]. Subsequently,
other cases were published [123–125], most of them in patients with malabsorptive bariatric
surgery and poor clinical follow-up. Regarding the adequacy of serum levels to reference
values, Studies have shown discordant results regarding the adequacy of vitamin A serum
levels. In a study conducted in Brazil in 30 pregnant women after RYGB, the prevalence
of VAD (<30 μg/dL) reached 90%; 86.7% developed night blindness. No association
was observed with maternal anaemia, which affected 73.3% of women. No data on pre-
pregnancy VAD are provided in this study [126]. The prevalence of decreased serum levels
in other countries has ranged from 20 to 60. No relationship has been observed between
the different techniques or with maternal and foetal complications [93]. In a case–control
study in France, a higher percentage of vitamin A levels in cord blood below the 2.5th
percentile was observed in pregnancies after RYGB. It should be noted that in this study,
the percentage of low birth weight for gestational age was high (23% vs. 3% in the control
group) [80].

3.6. Vitamin E

Vitamin E is a fat-soluble vitamin with an antioxidant function and is mainly found in
animal fats and oils. Its deficiency, which is very rare, leads to ataxia and other neurological
symptoms, as well as to increased red blood cell fragility and haemolytic anaemia [127,128].

Vitamin E is necessary for proper foetal and early childhood development [128]; a
dietary intake of 12 mg per day during pregnancy is recommended [129]. Supplemen-
tation with vitamin E and other micronutrients contributes to the prevention of neural
tube defects, and a relationship between plasma levels and cognitive function has been
observed [130,131]. Vitamin E has also been linked to problems in pregnancy involving
oxidative damage, such as preeclampsia. Anyway, there is no evidence to recommend uni-
versal vitamin E supplementation to reduce the risk of maternal–foetal complications [132].

Vitamin E deficiency after BS is rare and occurs mainly in malabsorptive diseases,
and it takes several years to develop clinical manifestations [133]. Probably for this reason,
publications on clinical vitamin E deficiency after bariatric surgery are limited [134]. The
ASMBS recommends preventive supplementation in all patients after BS at a dose of
15 mg/day [21,23]. A higher dose is usually needed in BPD. Plasma tocopherol levels are
dependent on circulating lipids, and an adjustment for total lipids or plasma cholesterol
is recommended [128]. In a study published in Spain, 8.7% and 21.4% of patients with
RYGB and BPD, respectively, were found to have vitamin E/cholesterol levels lower than
5 mg/d [135].

Data on the nutritional status of vitamin E in pregnancy after BS are very limited. So
far, only one study has been published examining this issue. In a prospective multicentre
study of 49 patients, 2% were found to have serum levels below 500 μg/dL in the first
trimester. No cases were observed in the second and third trimester [67]. A decrease
(below the 2.5th percentile) of vitamin E in cord blood has been observed in cord blood in
pregnancy after RYGB compared to a control group (16% vs. 3%) [80].
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3.7. Vitamin K

Vitamin K is involved in the synthesis of clotting factors and is mainly present in
animal fats and oils [136]. It also plays an important role in bone health [137]. Vitamin
K deficiency during pregnancy has been related to a higher risk of periventricular and
intraventricular haemorrhage, especially in mothers on treatment with anti-epileptic drugs
or with malabsorptive conditions [138].

Decreased vitamin K levels have been reported after BS, especially after malabsorp-
tive techniques, and are usually asymptomatic [139]. Data on the nutritional status of
vitamin K throughout gestation in women with previous BS are scarce. Some cases of
neonatal intracranial haemorrhage have been reported, probably secondary to vitamin K
deficiency [140], even after restrictive techniques [141]. A prospective study of 49 post-BS
gestational patients and 27 controls found that plasma vitamin K levels were decreased
in the first trimester (<0.8 nmol/L) in both groups and were significantly lower in the BS
group. Prothrombin time was normal in both groups, although significantly longer in the
BS group. Coagulation factors were normal [142].

3.8. Iron

Iron is involved in the structure and function of haemoglobin, myoglobin, and enzymes
of the respiratory chain. It is absorbed in the duodenum and early jejunal tract and
requires an acidic gastric pH [143]. It is found in food in two different forms: as part
of the heme group (meat and meat products) and in the non-heme form (legumes, nuts,
vegetables), with the former being much more bioavailable. Iron deficiency is very common
and causes anaemia, alterations in the mucous membranes, and asthenia, among other
symptoms [144]. Obesity itself alters the iron nutritional status, as it constitutes a state of
low-grade inflammation, which increases the synthesis of acute-phase reactants, including
hepcidin, which decreases iron absorption and also decreases the mobilisation of iron from
endogenous stores [145]. Iron intake recommendations depend on its bioavailability in
food; EFSA recommends 16 mg/day for women of childbearing age [50].

Iron-deficiency anaemia is one of the most common complications of pregnancy and
is a public health problem in many countries. Iron requirements increase during pregnancy
because of the increase in total red blood cell volume, up to 20–25% by the end of pregnancy.
It is estimated that up to 1200 mg of additional iron is used during pregnancy [146].
Although intestinal absorption also increases, iron intake from food does not appear to be
sufficient to maintain adequate iron nutritional status throughout pregnancy, especially
if there is a pre-pregnancy iron deficiency state [146]. Anaemia in pregnancy increases
maternal morbidity and mortality, hinders foetal growth and maturation, and is associated
with an increased risk of low birth weight and alterations in neurocognitive development. In
the long term, it promotes obesity and metabolic problems in offspring, including increased
vascular risk [146]. The diagnosis of anaemia is established if plasma haemoglobin is less
than 11 g/dL in the first and third trimesters and 10.5 g/dL in the second trimester [147].
Iron deficiency during pregnancy is mainly diagnosed based on the determination of
plasma ferritin: in general, a cut-off point of 30 μg/L is established [148]. The WHO
recommends supplementation with 30–60 mg of elemental iron in all pregnancies [149].

Iron-deficiency anaemia is one of the most frequent nutritional complications of
bariatric surgery due to reduced intake and malabsorption, mainly secondary to the modi-
fication of gastric pH or the exclusion of the duodenum and proximal jejunum, in addition
to possible digestive or menstrual losses [150,151]. The prevalence of iron deficiency and
iron-deficiency anaemia ranges from 20 to 70% after RYGB and from 10 to 50% after SG
and can require parenteral administration in 2–10% [152]. Preventive supplementation
is recommended in techniques that exclude the duodenum at a dose of 40–60 mg/day,
especially in high-risk cases (after surgery, women of childbearing age, pregnancy, etc.) [75].
The iron content of conventional multivitamins is not sufficient.

Several studies have found that a history of bariatric surgery increases the risk of
iron-deficiency anaemia during pregnancy and that this complication is more common with
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a longer time after surgery [54,88,153,154]. The prevalence of anaemia ranges from 17 to
70%, with 10–16% requiring intravenous iron and 3–17% requiring transfusion [54]. There
is no agreement on the most appropriate pattern of iron supplementation in pregnancy
after BS. The recommended dosage ranges from 40 to 600 mg/day, according to different
authors [76,154–156], but this recommendation is not based on studies specifically designed
to evaluate this issue. It should be noted that intravenous iron administration is not
indicated during the first trimester of pregnancy [151]. Iron-deficiency anaemia prevention
during pregnancy in women with previous BS needs a close follow-up, which should start
before conception. The multivitamins designed for pregnancy do not include enough iron
for pregnancy after BS.

3.9. Magnesium

Magnesium is an intracellular cation that is part of the bone structure, contributing
to proper mineralisation, and is involved as a cofactor of numerous enzymes in muscle
contraction, gland secretion, and nerve transmission [157]. Approximately 45% is absorbed
in the small intestine via a paracellular diffusion mechanism; a smaller fraction is absorbed
in the ileum via transporters (TRPM6 and TRPM7). Magnesium absorption is stimulated
by vitamin D and PTH. The plasma Mg concentration is primarily regulated by renal
elimination, where approximately 70% of filtered magnesium is reabsorbed [158]. The
main sources of magnesium are cereals, nuts, and dairy products. The most characteristic
symptoms of magnesium deficiency are anorexia, muscle cramps, rhabdomyolysis, hyper-
reflexia, convulsions, confusional syndrome, and paralytic ileus. It is not easy to assess the
nutritional status of Mg, as it is mainly an intracellular element, and plasma levels may
remain within normal limits even when deficiency is present [159]. For this reason, some
authors propose raising the reference value for plasma Mg to levels above 2 mg/dL [159].

Magnesium is an important element for pregnancy [160]. Magnesium sulphate is used
in the treatment of patients with preeclampsia [161]; it can induce placental vasodilatation,
decreases umbilical artery tone, attenuates the effect of endothelin I and angiotensin II
on placental vascularisation, and decreases IL-β secretion in placental tissue [162,163].
Plasma Mg levels decrease progressively throughout gestation; this decrease is greater in
women with preterm labour [164]. However, no decrease in plasma magnesium has been
observed in patients with preeclampsia [164]. The effect of magnesium supplementation
on the course and complications of pregnancy is controversial, and the effect probably
depends on patient characteristics and maternal magnesium nutritional status [165,166].
There is no evidence to recommend magnesium supplementation to prevent the risk of
preeclampsia or other pregnancy complications in healthy women [94,166]. Magnesium
intake recommendations do not increase in pregnancy.

Bariatric surgery increases the risk of magnesium deficiency because of decreased
intake and malabsorption. However, and probably due to the difficulty in diagnosis,
information on magnesium nutritional status after BS is very scarce [76]. There are few
data on magnesium deficiency in pregnancy after BS, and, in general, no decrease in serum
levels has been observed [93,167].

Considering the difficulty in assessing the nutritional status of magnesium, its impor-
tance in gestation, the deficit in magnesium intake in our environment and the possible
effect of BS, this is an issue that should be given greater attention in the future. Most
multivitamins include a magnesium dosage lower than the recommendations.

3.10. Zinc

Zinc is an element involved in the function of more than 200 enzymes, including
carbonic anhydrase, DNA polymerase and RNA polymerase. It is directly involved in
replication and transcription and plays important roles in growth, foetal nervous system
development, and immune response. Zinc is present in foods of animal origin and in
cereals and legumes. The recommended intake of zinc is 8–12 mg/day for males and
females, respectively [168]. Zinc deficiency is very common in developing countries and
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has very important clinical consequences: retarded growth and sexual maturation, asthenia,
dermatitis, hypogonadism, altered sense of taste, and other general manifestations [169].
Zinc deficiency is generally related to decreased intake or availability. It has also been
described in numerous clinical conditions associated with malabsorption, such as short
bowel syndrome, inflammatory bowel disease, and coeliac disease [170].

Zinc is directly involved in foetal growth and development, especially in the nervous
system, and in the immune response [171]. There is active transport in the placenta, so levels
in the cord blood are higher than in the mother’s blood [172]. In animals, zinc deficiency
leads to an increased risk of miscarriage, placental abnormalities, congenital malformations,
and intrauterine growth retardation [171,173]. In humans, decreased plasma zinc levels
have been associated with decreased birth weight and preeclampsia in some studies, but not
in others [174,175]. In a recently published meta-analysis, a significant pooled correlation
was found between umbilical cord blood zinc concentrations and birth weight (r: 0.09, 95%
CI: 0.04 to 0.15) [176].

Zinc deficiency is common in BS patients, even before surgery [21], especially in
mixed or malabsorptive techniques [88]. Most cases are asymptomatic, although low
intake and Zn deficiency have been linked to alopecia after BS [177]. The ASMBS, recom-
mends assessing nutritional status prior to BS, keeping in mind that plasma levels may
fall in relation to obesity itself. In addition, preventive supplementation is recommended
in all patients, with a dose that depends on the surgical technique used: malabsorp-
tive techniques: 16–22 mg/day; gastric bypass: 8–22 mg/day; and restrictive techniques:
8–11 mg/day [21,23].

Data on the nutritional status of zinc and its clinical consequences for pregnancy
after bariatric surgery are limited. In a study of 30 patients with a history of RYGB,
20% showed decreased plasma levels in the first and third trimesters, with no relation to
maternal anthropometry or newborn weight [178]. Another study, conducted in 56 patients,
describes plasma zinc levels of 13.1 ± 2.6, 11.5 ± 1.7, and 10.7 ± 1.4 μmol.

L in the three trimesters, respectively. They found no cases of deficiency, no differences
between the different techniques, and no effects on maternal and foetal outcomes [93]. In
a prospective study in 87 women [179], zinc deficiency (<0.51 mg/L) was found in 8.0%,
all after RYGB (18.9% vs. 0% in SG; p = 0.02), and preterm birth occurred in 100% of these
cases. The usual multivitamins do not provide sufficient zinc for pregnancy after bariatric
surgery, especially in the case of malabsorptive techniques. It is also necessary to consider
that the pharmacological use of some nutrients, such as iron, decreases the bioavailability
of zinc from food and that a high dose of zinc decreases the absorption of copper.

3.11. Copper

Copper is an essential element that acts as a ligand for numerous proteins and en-
zymes (superoxide dismutase, ferroxidase, amino oxidase, cytochrome-C oxidase, etc.). It
is involved in antioxidant protection, in the transport of iron and other metals, and in the
metabolism of amino acids. It is absorbed in the stomach and duodenum, and gastric acid
contributes to the release of Cu from food. Copper requirements according to the RDA are
900 μg/day in adults. In pregnant and breastfeeding women, the requirements increase,
and more than 1000 μg/day is necessary [168]. Copper is an essential element in brain devel-
opment [180] and has been linked to neurodegenerative diseases [181]. Copper deficiency
leads to a clinical picture with haematological (anaemia, leukopenia, or pancytopenia) and
neurological (myelopathy and peripheral neuropathy) manifestations [182].

Copper deficiency can have negative effects on embryonic and foetal development [183].
Copper is involved in the normal functioning of numerous enzymes, so its deficiency alters
ATP production, lipid peroxidation, hormone activation, and angiogenesis and causes
pulmonary and skeletal alterations. Genetic alterations in copper metabolism lead to
alterations in embryonic and foetal development that may increase mortality. Menken’s
disease is transmitted in an X-linked recessive manner and usually results in the death of the
child before the age of 5 years after presenting with clinical signs of neuronal and connective
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tissue degeneration. Studies have shown that, in normal gestations, copper levels increase
progressively throughout pregnancy [184] due to an increase in ceruloplasmin secondary
to gestational hyperestrogenism and a decrease in biliary copper excretion [185]. Maternal
copper deficiency increases the risk of prematurity and low-birth-weight infants, and
a decrease in cord blood copper has been observed in low-birth-weight infants [183].
Copper deficiency during pregnancy has also been associated with an increased risk of the
premature rupture of membranes and preterm birth [186].

Copper deficiency is rare in the Western population but has been increasing in re-
cent years as a consequence of drug treatment and especially in relation to bariatric
surgery [182,187]. Its prevalence is estimated at 9.6% after RYGB [188]. Copper deficiency
is a recognised cause of neurological impairment after BS, especially with techniques that
exclude the duodenum, the main site of absorption [189]. Several studies have observed
a decrease in plasma copper levels after bariatric bypass surgery [190]. Clinical copper
deficiency is less common but can be severe; several cases have been reported, mainly after
malabsorptive techniques, with neurological impairment and/or anaemia [191,192]. It is
recommended that all patients receive copper supplementation, at a dose depending on
the surgical technique used [21,23]: in patients with SG or GB, 1 mg/day, and in patients
with RYGB or BPD, 2 mg/day, in the form of copper sulphate or gluconate. Zinc treatment
may decrease copper absorption [193]. Cu supplementation of 1–2 mg for every 8–15 mg of
zinc is recommended [21].

There are no data on plasma copper levels in pregnancy after BS or the possible impact
on the course and complications of pregnancy. No cases of clinical copper deficiency during
pregnancy after BS have been reported. Decreased plasma copper levels in pregnant women
with a history of bariatric surgery could have adverse consequences on foetal development
or increase the risk of complications. Although there are no specific recommendations on
Cu supplementation in pregnancy after BS, these women should receive at least similar
supplementation to that recommended in BS in general [75,76]. This dose is safe in preg-
nancy and does not reach the maximum tolerable intake (10 mg/day) [182]. It should be
noted that most multivitamins designed for pregnancy do not provide copper.

3.12. Selenium

Selenium plays an important role in maintaining redox balance through selenoproteins
such as glutathione peroxidase (GSH) [194]. Plasma values above 70 μg/L optimise GSH
function [195]. It is absorbed in the upper sections of the small intestine, mainly in the
duodenum. Se intake and nutritional status are highly dependent on the geographical
area. The EFSA recommends an intake of selenium in the adult population of 70 μg/day
for men and women, and a similar amount is recommended during pregnancy. During
breastfeeding, on the other hand, considering the Se content in breast milk, an intake of 85
μg/day is recommended, similar to that for non-pregnant women [196].

A decrease in selenium levels and GSH peroxidase activity has been observed in
pregnancy [107] and has been linked to some complications, such as preeclampsia [197,198].
In a recently published systematic review that included 26 studies with 1855 preeclampsia
cases compared with 3728 healthy pregnant controls, the level of selenium was significantly
lower in cases of preeclampsia compared with the controls (SMD = −0.85; 95% confidence
interval: −1.46, −0.25; p < 0.01). A decrease in serum Se has been observed throughout
gestation [199], with no association with the risk of SGA [200].

There are few data on the nutritional status of selenium in relation to bariatric surgery.
Several cases of cardiomyopathy secondary to selenium deficiency after bariatric surgery
have been reported [201,202], which have improved after specific supplementation. In
patients who are candidates for BS, decreased selenium serum levels have been observed
compared to a control group [203]. A decrease has also been described after BS [204], which
can be prevented by micronutrient supplementation [205]. Although Se deficiency may
be more frequent in techniques that exclude the duodenum, decreased levels have also
been reported after sleeve gastrectomy [206]. In a systematic review and meta-analysis
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that included nine studies with a total of 1174 patients, selenium deficiency prevalence
was 16% and 2% at 1- and 2-year follow-ups after BS, respectively [207]. Symptoms
included weakness, myopathy and cardiomyopathy, loss of muscle mass, erythematous
desquamating eruption, lethargy, dyspnoea, and bilateral lower extremity pitting oedema.

The prevalence of selenium deficiency in pregnancy after BS was evaluated in a
retrospective study including 57 singleton pregnancies [93]. Selenium serum levels were
low in 77.8%, 22.2%, and 50.0% in the first, second, and third trimesters, respectively. In
a prospective study in 87 women [179], selenium deficiency (<60 μg/L) was found in
17.2%: 21.6% after RYGB and 14.0% after SG (p = 0.36). A selenium deficit in the second
trimester in women with a history of BS was negatively correlated with birthweight and
with birthweight z-score [179].

3.13. Iodine

Iodine is an essential element whose main function is its participation in the synthesis
of thyroid hormones. It is a critical nutrient in cellular metabolism and in the development
of the nervous system in the prenatal and postnatal periods [208]. The main sources of
iodine are dairy products, fish, eggs, and, above all, fortified foods such as iodised salt.
Iodine deficiency is a major public health problem and one of the preventable causes of
stunted growth and impaired neurological development [208].

Iodine requirements increase during pregnancy and lactation, and an intake of 200–
250 μg/day is recommended. All women of childbearing age should ensure an adequate
iodine intake at least one year before pregnancy. The intake of iodine in food and iodised
salt is generally sufficient to meet these requirements. However, considering the risk of
iodine deficiency for foetal development, iodine supplementation should be recommended
in cases where there is a risk of insufficient intake [209].

Very few studies have been published on the impact of barbaric surgery on iodine
absorption or metabolism. So far, three studies have been published. Urinary iodine
excretion had not changed 6 months after malabsorptive BS, nor had autoimmunity or
thyroid gland volume [210]. Another study compared the nutritional status of iodine
in three groups of women: morbidly obese, patients after bariatric surgery with at least
18 months of follow-up after bariatric surgery, and a normal-weight control group. Obese
women had a significantly lower urinary iodine concentration (UIC, μg/g creatinine) in
comparison with non-obese women (96.6 [25.8–267.3] vs. 173.3 [47.0–493.6] μg/g; p < 0.001),
with a lower proportion of subjects with an adequate iodine status (46.6 vs. 83.3%, p < 0.001).
Mean UIC was higher in women with previous BS in comparison with women with obesity
(131.9 [62.9–496.4] vs. 96.6 [25.8–267.3] μg/g; p < 0.001). No difference in UIC was found
between RYGB and SG. UIC was negatively correlated with BMI (r = −0.278, p < 0.001).
Multiple linear regression analyses showed that BMI was independently associated with
UIC (beta = −0.312, p < 0.001; R (2) = 0.166). In this study, women consuming iodised
salt were excluded [211]. The SOS study investigators evaluated 188 patients after RYGB
and 188 after SG, at least 10 years after BS, compared with a control group, and did not
observe a higher prevalence of iodine deficiency [212]. BS has not been shown to impair
iodine absorption or metabolism or to induce iodine deficiency, so specific supplementation
recommended after bariatric surgery does not need to include iodine in iodine-sufficient
countries, and ensuring that the dietary intake of iodine in food and iodised salt is sufficient.

No studies have been published evaluating the iodine nutritional status during preg-
nancy in women with previous BS. In agreement with previously described studies, in
these women, the same recommendation of iodine intake can be made as in the general
pregnant population, 200–250 μg/day.

There is no agreement on the most appropriate preventive micronutrient supplemen-
tation during gestation in women with previous bariatric surgery, and, due to the paucity
of data, recommended doses are generally based on expert opinion. Table 5 includes a
summary of these recommendations [31–33,154,213].
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Table 5. Summary of micronutrient recommendations in pregnancy after bariatric surgery.

Micronutrient Dose Comment

Folate 800–1000 μg Higher dose in women with obesity (1–5 mg)

Vitamin B12 1000–2000 μg/1–3 months, i.m. Can also be administered orally (>350–500 μg/d)

Thiamine 12 mg Increase to 100–300 mg if low intake, nausea/vomiting

Vitamin D 2000–4000 UI Vitamin D > 30 ng/mL

Vitamin A 800–1500 μg A dose below 3000 μg (10.000 UI) is safe in pregnancy;
the retinol form of vitamin A should be avoided

Vitamin E 15 mg Monitoring in malabsorptive techniques

Vitamin K 50–120 μg/d Higher risk of deficiency in premature newborns

Iron 100–200 mg Ferritin > 30 mg/L, gradual increase of dose;
i.v. iron is not recommended in first term

Calcium 1500–2400 mg Increase dietary intake; separated from iron supplement

Magnesium 350 mg Multivitamins usually contain a lower dose

Zinc 12–30 mg Can decrease copper absorption

Copper 1–2 mg Separated from zinc supplements

Selenium 50–60 μg Monitor in malabsorptive techniques

Iodine 200–250 μg The same dose as that in normal pregnancy

4. Conclusions

Obesity increases the risk of complications during gestation, such as gestational
diabetes, preeclampsia, or macrosomia. Bariatric surgery may reduce these risks but may
induce mineral and micronutrient deficiencies, which can have adverse consequences for
the short- and long-term health of the mother and her offspring. This narrative review
of the literature enables us to offer some recommendations to optimise the follow-up of
pregnancy in women with previous bariatric surgery [28–34] (Table 6). Further studies are
needed to identify the factors that promote micronutrient deficiencies during pregnancy
after bariatric surgery, the effects on maternal and foetal health and long-term outcomes,
and the most effective preventive treatment.

Table 6. Pregnancy after bariatric surgery: summary of recommendations.

Pregnancy in Women with Previous Bariatric Surgery: Summary of Recommendations

Appropriate selection of the bariatric surgical technique. Non-malabsorptive techniques should, in general, be preferred.

Appropriate follow-up after bariatric surgery, with the necessary supplementation to prevent and treat possible nutritional deficiencies.

Preferably, the onset of pregnancy should be delayed by 12–18 months after bariatric surgery. Pre-conceptional clinical and nutritional assessment is
recommended.

Follow-up during pregnancy should be carried out by a multidisciplinary team.

Close monitoring of the patient if oral tolerance is inadequate or vomiting occurs. It is advisable to increase the thiamine dose to 100–300 mg/day.

Monitoring of maternal weight gain and intrauterine growth. Consider oral nutritional supplements and/or pancreatic enzymes.

Preventive supplementation with minerals and micronutrients, at the necessary dose, depending on the type of bariatric surgery and clinical and
analytical evolution.

Iodine recommendations are similar to those for women who have not undergone bariatric surgery.

Screening for gestational complications, following specific protocols. In the case of gestational diabetes, it is recommended to avoid oral glucose
overload.

Monitoring for the occurrence of surgical complications, such as internal hernia, a serious but rare clinical condition that requires a specific
diagnostic approach and treatment.

Encourage lactation with a close clinical and nutritional follow-up.

444



J. Clin. Med. 2023, 12, 5429

Author Contributions: Writing—Review and editing—was performed by all authors (I.B., M.D.B.-P.,
A.C.-P., L.A.A.-S. and M.A.R.-H.). All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mechanick, J.I.; Hurley, D.L.; Garvey, W.T. Adiposity-Based Chronic Disease as a new Diagnostic Term: The American Association
of Clinical Endocrinologists and American College of Endocrinology Position Statement. Endocr. Pract. 2016, 23, 372–378.
[CrossRef] [PubMed]

2. Garvey, W.T.; Mechanick, J.I.; Brett, E.M.; Garber, A.J.; Hurley, D.L.; Jastreboff, A.M.; Nadolsky, K.; Pessah-Pollack, R.; Plodkowski,
R.; Reviewers of the AACE/ACE Obesity Clinical Practice Guidelines. American association of clinical endocrinologists and
american college of endocrinology comprehensive clinical practice guidelines for medical care of patients with obesity—Executive
Summary. Endocr. Pract. 2016, 22, 1–203. [CrossRef]

3. Rittenberg, V.; Seshadri, S.; Sunkara, S.K.; Sobaleva, S.; Oteng-Ntim, E.; El-Toukhy, T. Effect of body mass index on IVF treatment
outcome: An updated systematic review and meta-analysis. Reprod. Biomed. Online 2011, 23, 421–439. [CrossRef] [PubMed]

4. Bellver, J.; Busso, C.; Pellicer, A.; Remohí, J.; Simón, C. Obesity and assisted reproductive technology outcomes. Reprod. Biomed.
Online 2006, 12, 562–568. [CrossRef] [PubMed]

5. Yu, Z.; Han, S.; Zhu, J.; Sun, X.; Ji, C.; Guo, X. Pre-Pregnancy Body Mass Index in Relation to Infant Birth Weight and Offspring
Overweight/Obesity: A Systematic Review and Meta-Analysis. PLoS ONE 2013, 8, e61627. [CrossRef] [PubMed]

6. Marchi, J.; Berg, M.; Dencker, A.; Olander, E.K.; Begley, C. Risks associated with obesity in pregnancy, for the mother and baby: A
systematic review of reviews. Obes. Rev. 2015, 16, 621–638. [CrossRef]

7. Goldstein, R.F.; Abell, S.K.; Ranasinha, S.; Misso, M.; Boyle, J.A.; Black, M.H.; Li, N.; Hu, G.; Corrado, F.; Rode, L.; et al. Association
of Gestational Weight Gain with Maternal and Infant Outcomes: A Systematic Review and Meta-analysis. JAMA 2017, 317,
2207–2225. [CrossRef]

8. Santos, S.; Voerman, E.; Amiano, P.; Barros, H.; Beilin, L.; Bergström, A.; Charles, M.; Chatzi, L.; Chevrier, C.; Chrousos, G.; et al.
Impact of maternal body mass index and gestational weight gain on pregnancy complications: An individual participant data
meta-analysis of European, North American, and Australian cohorts. BJOG 2019, 126, 984–995. [CrossRef]

9. Martin, A.; Krishna, I.; Ellis, J.; Paccione, R.; Badell, M. Super obesity in pregnancy: Difficulties in clinical management. J. Perinatol.
2014, 34, 495–502. [CrossRef]

10. Crane, J.M.; Murphy, P.; Burrage, L.; Hutchens, D. Maternal and Perinatal Outcomes of Extreme Obesity in Pregnancy. J. Obstet.
Gynaecol. Can. 2013, 35, 606–611. [CrossRef]

11. Arterburn, D.E.; Courcoulas, A.P. Bariatric surgery for obesity and metabolic conditions in adults. BMJ 2014, 349, g3961.
[CrossRef] [PubMed]

12. Angrisani, L.; Santonicola, A.; Iovino, P.; Ramos, A.; Shikora, S.; Kow, L. Bariatric Surgery Survey 2018: Similarities and Disparities
Among the 5 IFSO Chapters. Obes. Surg. 2021, 31, 1937–1948. [CrossRef]

13. Batterham, R.L.; Cummings, D.E. Mechanisms of Diabetes Improvement Following Bariatric/Metabolic Surgery. Diabetes Care
2016, 39, 893–901. [CrossRef] [PubMed]

14. Hutch, C.R.; Sandoval, D.A. Physiological and molecular responses to bariatric surgery: Markers or mechanisms underlying
T2DM resolution? Ann. N. Y. Acad. Sci. 2017, 1391, 5–19. [CrossRef]

15. Davies, N.K.; O’Sullivan, J.M.; Plank, L.D.; Murphy, R. Altered gut microbiome after bariatric surgery and its association with
metabolic benefits: A systematic review. Surg. Obes. Relat. Dis. 2019, 15, 656–665. [CrossRef]

16. Penney, N.C.; Kinross, J.; Newton, R.C.; Purkayastha, S. The role of bile acids in reducing the metabolic complications of obesity
after bariatric surgery: A systematic review. Int. J. Obes. 2015, 39, 1565–1574. [CrossRef]

17. Vítek, L.; Haluzík, M. The role of bile acids in metabolic regulation. J. Endocrinol. 2016, 228, R85–R96. [CrossRef]
18. Syn, N.L.; E Cummings, D.; Wang, L.Z.; Lin, D.J.; Zhao, J.J.; Loh, M.; Koh, Z.J.; Chew, C.A.; Loo, Y.E.; Tai, B.C.; et al. Association of

metabolic–bariatric surgery with long-term survival in adults with and without diabetes: A one-stage meta-analysis of matched
cohort and prospective controlled studies with 174 772 participants. Lancet 2021, 397, 1830–1841. [CrossRef]

19. Wiggins, T.; Guidozzi, N.; Welbourn, R.; Ahmed, A.R.; Markar, S.R. Association of bariatric surgery with all-cause mortality and
incidence of obesity-related disease at a population level: A systematic review and meta-analysis. PLOS Med. 2020, 17, e1003206.
[CrossRef]

20. Amaya García, M.J.; Vilchez López, F.J.; Campos Martín, C.; Sánchez Vera, P.; Pereira Cunill, J.L. Micronutrientes en Cirugía
Bariátrica. Nutr. Hosp. 2012, 27, 349–361. [CrossRef]

445



J. Clin. Med. 2023, 12, 5429

21. Parrott, J.; Frank, L.; Rabena, R.; Craggs-Dino, L.; Isom, K.A.; Greiman, L. American Society for Metabolic and Bariatric Surgery
Integrated Health Nutritional Guidelines for the Surgical Weight Loss Patient 2016 Update: Micronutrients. Surg. Obes. Relat. Dis.
2019, 13, 727–741. [CrossRef] [PubMed]

22. Jensterle, M.; Rizzo, M.; Janez, A. Glucagon-Like Peptide 1 and Taste Perception: From Molecular Mechanisms to Potential
Clinical Implications. Int. J. Mol. Sci. 2021, 22, 902. [CrossRef] [PubMed]

23. Mechanick, J.I.; Apovian, C.; Brethauer, S.; Garvey, W.T.; Joffe, A.M.; Kim, J.; Kushner, R.F.; Lindquist, R.; Pessah-Pollack, R.; Seger,
J.; et al. Clinical practice guidelines for the perioperative nutrition, metabolic, and nonsurgical support of patients undergoing
bariatric procedures—2019 update: Cosponsored by American Association of Clinical Endocrinologists/American College of
Endocrinology, The Obesity Society, American Society for Metabolic & Bariatric Surgery, Obesity Medicine Association, and
American Society of Anesthesiologists. Surg. Obes. Relat. Dis. 2020, 16, 175–247. [CrossRef] [PubMed]

24. O’Kane, M.; Parretti, H.M.; Pinkney, J.; Welbourn, R.; Hughes, C.A.; Mok, J.; Walker, N.; Thomas, D.; Devin, J.; Coulman, K.D.;
et al. British Obesity and Metabolic Surgery Society Guidelines on perioperative and postoperative biochemical monitoring and
micronutrient replacement for patients undergoing bariatric surgery—2020 update. Obes. Rev. 2020, 21, e13087. [CrossRef]

25. Galazis, N.; Docheva, N.; Simillis, C.; Nicolaides, K.H. Maternal and neonatal outcomes in women undergoing bariatric surgery:
A systematic review and meta-analysis. Eur. J. Obstet. Gynecol. Reprod. Biol. 2014, 181, 45–53. [CrossRef]

26. Yi, X.Y.; Li, Q.F.; Zhang, J.; Wang, Z.H. A meta-analysis of maternal and fetal outcomes of pregnancy after bariatric surgery. Int. J.
Gynaecol. Obstet. 2015, 130, 3–9. [CrossRef]

27. Kwong, W.; Tomlinson, G.; Feig, D.S. Maternal and neonatal outcomes after bariatric surgery; a systematic review and meta-
analysis: Do the benefits outweigh the risks? Am. J. Obstet. Gynecol. 2018, 218, 573–580. [CrossRef]

28. Badreldin, N.; Kuller, J.; Rhee, E.; Brown, L.; Laifer, S. Pregnancy Management After Bariatric Surgery. Obstet. Gynecol. Surv. 2016,
71, 361–368. [CrossRef]

29. Harreiter, J.; Schindler, K.; Bancher-Todesca, D.; Göbl, C.; Langer, F.; Prager, G.; Gessl, A.; Leutner, M.; Ludvik, B.; Luger, A.; et al.
Management of Pregnant Women after Bariatric Surgery. J. Obes. 2018, 2018, 4587064. [CrossRef]

30. González, I.; Lecube, A.; Rubio, M.; García-Luna, P.P. Pregnancy after bariatric surgery: Improving outcomes for mother and
child. Int. J. Women’s Health 2016, 8, 721–729. [CrossRef]

31. Shawe, J.; Ceulemans, D.; Akhter, Z.; Neff, K.; Hart, K.; Heslehurst, N.; Štotl, I.; Agrawal, S.; Steegers-Theunissen, R.; Taheri, S.;
et al. Pregnancy after bariatric surgery: Consensus recommendations for periconception, antenatal and postnatal care. Obes. Rev.
2019, 20, 1507–1522. [CrossRef] [PubMed]

32. Alamri, S.H.; Abdeen, G.N. Maternal Nutritional Status and Pregnancy Outcomes Post-bariatric Surgery. Obes. Surg. 2022, 32,
1325–1340. [CrossRef] [PubMed]

33. Huang, B.; Yo, J.H.; Gandhi, S.; Maxwell, C. Micronutrient screening, monitoring, and supplementation in pregnancy after
bariatric surgery. Obstet. Med. 2022, 15, 151–159. [CrossRef]

34. Guthrie, T.M.; Dix, C.F.; Truby, H.; Kumar, S.; de Jersey, S.J. A Systematic Review Investigating Maternal Nutrition During
Pregnancy After Bariatric Surgery. Obes. Surg. 2023, 33, 1857–1865. [CrossRef] [PubMed]

35. Akhter, Z.; Rankin, J.; Ceulemans, D.; Ngongalah, L.; Ackroyd, R.; Devlieger, R.; Vieiram, R.; Heslehurst, N. Investigating
the association between pregnancy following bariatric surgery and adverse perinatal outcomes: A systematic review and
meta-analysis. PLoS Med. 2018, 125, e1002866.

36. Cooper, N.; Fiennes, A.; Hashemi, M.; Adamo, M.; El-Kalaawy, M. Pregnancy in first 12 months after bariatric surgery. Surg. Obes.
Relat. Dis. 2010, 6, 234. [CrossRef]

37. Johansson, K.; Cnattingius, S.; Näslund, I.; Roos, N.; Lagerros, Y.T.; Granath, F.; Stephansson, O.; Neovius, M. Outcomes of
Pregnancy after Bariatric Surgery. N. Engl. J. Med. 2015, 372, 814–824. [CrossRef] [PubMed]

38. Heusschen, L.; Krabbendam, I.; van der Velde, J.M.; Deden, L.N.; Aarts, E.O.; Merién, A.E.R.; Emous, M.; Bleumink, G.S.; Lutgers,
H.L.; Hazebroek, E.J. A Matter of Timing—Pregnancy After Bariatric Surgery. Obes. Surg. 2021, 31, 2072–2079. [CrossRef]
[PubMed]

39. Harrison, R.K.; Berkelhammer, C.; Suarez, V.; Kay, H.H. Managing Malnourishment in Pregnancy after Bariatric Surgery. J. Obstet.
Gynaecol. Can. 2018, 40, 211–214. [CrossRef]

40. Karmon, A.; Sheiner, E. Pregnancy after bariatric surgery: A comprehensive review. Arch. Gynecol. Obstet. 2008, 277, 381–388.
[CrossRef]

41. Beiglböck, H.; Mörth, E.; Reichardt, B.; Stamm, T.; Itariu, B.; Harreiter, J.; Eichelter, J.; Prager, G.; Kautzky-Willer, A.; Wolf, P.;
et al. The Timing of Pregnancies After Bariatric Surgery has No Impact on Children’s Health—A Nationwide Population-based
Registry Analysis. Obes. Surg. 2023, 33, 149–155. [CrossRef]
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