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Preface to ”The Role of Nutrition in Cardiometabolic

Health: Experimental, Clinical, and

Community-Based Evidence”

Cardiometabolic disease is a major health and economic burden worldwide, and its prevalence

is expected to rise. Excess body fat, dyslipidemia, poor glucose metabolism, and elevated blood

pressure are just a few of the many cardiometabolic risk factors that can be influenced by diet. As the

rates of these factors continue to rise, a healthy lifestyle that includes proper nutrition should be a

public health goal. In this book, renowned researchers provide cutting-edge scientific evaluations of

the impacts of diet and lifestyle on cardiometabolic health.

This book contains 11 chapters which cover a wide range of topics, such as biological

mechanisms governing food intake, lifestyle and surgical approaches to weight loss, nutritional

aspects for optimal cardiometabolic health, the association between macronutrients, micronutrients,

whole foods, and dietary patterns with obesity, diabetes, and cardiovascular risk factors. The

effects of vitamin D and low-carbohydrate diets on microvascular function in morbidly obese

people are addressed in Chapters 1 and 2, respectively, whereas the influence of fat-based versus

sugar-based Western diets on cardiac remodeling is discussed in Chapter 3. The ANCHORS

A-WHEY and African-PREDICT clinical trials, which provide data on the cardiovascular effects of

supplements (whey protein) and medicinal drugs (marinobufagenin), are discussed in Chapters 4

and 5, respectively. Chapters 6 and 7 provide a comprehensive summary of the dietary characteristics

that contribute to an increased cardiovascular risk and micronutrient deficiencies following various

modalities of bariatric surgery. Chapters 8 and 9 cover homocysteine, a byproduct of one-carbon

metabolism, and its epigenetic and vascular consequences in obese people. Finally, Chapters 10 and

11 present new findings and a review of the literature on the mechanisms by which the bile acid

receptor, TGR5, maintains glucose homeostasis.

We are grateful to all of the scientists and researchers who contributed to this book’s diverse,

impactful, and insightful themes. We hope that this book will provide nutrition and healthcare

professionals with an authoritative summary of the present state of knowledge about the impact

of diet on cardiometabolic health.

Abeer M. Mahmoud and Shane A. Phillips

Editors
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Abstract: There is a high prevalence of vitamin-D deficiency in obese individuals that could be
attributed to vitamin-D sequestration in the adipose tissue. Associations between vitamin-D deficiency
and unfavorable cardiometabolic outcomes were reported. However, the pathophysiological
mechanisms behind these associations are yet to be established. In our previous studies,
we demonstrated microvascular dysfunction in obese adults that was associated with reduced
nitric oxide (NO) production. Herein, we examined the role of vitamin D in mitigating microvascular
function in morbidly obese adults before and after weight loss surgery. We obtained subcutaneous
(SAT) and visceral adipose tissue (VAT) biopsies from bariatric patients at the time of surgery (n
= 15) and gluteal SAT samples three months post-surgery (n = 8). Flow-induced dilation (FID)
and acetylcholine-induced dilation (AChID) and NO production were measured in the AT-isolated
arterioles ±NO synthase inhibitor N(ω)-nitro-L-arginine methyl ester (L-NAME), hydrogen peroxide
(H2O2) inhibitor, polyethylene glycol-modified catalase (PEG-CAT), or 1,25-dihydroxyvitamin D.
Vitamin D improved FID, AChID, and NO production in AT-isolated arterioles at time of surgery; these
effects were abolished by L-NAME but not by PEG-CAT. Vitamin-D-mediated improvements were
of a higher magnitude in VAT compared to SAT arterioles. After surgery, significant improvements
in FID, AChID, NO production, and NO sensitivity were observed. Vitamin-D-induced changes
were of a lower magnitude compared to those from the time of surgery. In conclusion, vitamin D
improved NO-dependent arteriolar vasodilation in obese adults; this effect was more significant
before surgery-induced weight loss.

Keywords: vitamin D; obesity; microvascular; bariatric surgery; weight loss; nitric oxide

1. Introduction

Obesity and vitamin-D deficiency are two major global public health concerns that affect over
one-third of the population. A body mass index of more than 30 kg/m2 is associated with lower serum
vitamin-D levels compared with non-obese individuals [1]. Several mechanisms that contribute to
the high incidence of vitamin-D deficiency in obese people were suggested. Ultraviolet radiation
from sunlight exposure is required for cutaneous production of vitamin D [2]. It was proposed that
obese individuals, overall, have suboptimal levels of vitamin D because they tend to participate in

Nutrients 2019, 11, 2521; doi:10.3390/nu11102521 www.mdpi.com/journal/nutrients
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fewer outdoor activities and, accordingly, have less exposure to sunlight. Vitamin D is a lipid-soluble
vitamin, and it is thought that the lower bioavailability of vitamin D in obese individuals, compared to
lean individuals, is due to vitamin-D sequestration within the adipose tissues [3]. Lastly, vitamin-D
deficiency may also be due to inadequate dietary intake or malabsorption of vitamin D [4,5]. Obesity is
a well-established risk factor for the development of cardiovascular disease (CVD), and several
mechanisms may contribute to this link. However, a role of vitamin-D deficiency in obesity-associated
cardiovascular (CV) risk is yet to be established.

Epidemiological data reported associations between vitamin D deficiency and left ventricular
hypertrophy, hypertension, increased arterial stiffness, and endothelial dysfunction [4,6–12].
The pathophysiological underpinnings of these associations remain mostly unexplained. The most
reliable and convincing evidence for the involvement of vitamin D in the pathogenesis of CVD comes
from studies demonstrating an association between vitamin-D deficiency and hypertension [13].
Vitamin-D deficiency is associated with a higher risk for preeclampsia, a condition that is characterized
by hypertension [14]. Also, a significant inverse association was reported between vitamin-D serum
levels and arterial blood pressure in the elderly [15]. An interventional study demonstrated that
one month of vitamin-D intake (1,5000 IU/day) reduced tissue sensitivity to the stimulation of the
renin–angiotensin system manifested by improved renal blood flow and reduced mean arterial pressure
during an infusion of angiotensin II [16]. Moreover, vitamin-D intake (2000 IU/day) for 14 days in
healthy adults reduced augmentation index, a measure of arterial stiffness that contributes to the
development of hypertension [17].

The discovery of vitamin-D receptor (VDR) widened the scope of biological effects that vitamin
D plays in human health [18]. VDR is a transcription factor that enters the nucleus upon binding to
vitamin D, where it attaches to specific DNA regions and activates the transcription of a myriad of genes
that coordinate several biological responses [18]. VDR is widely expressed throughout the human body
in almost all cells and tissues, including vascular smooth muscle cells, cardiomyocytes, and endothelial
cells [19]. Animal studies found that loss of VDR signaling increased arterial stiffness and elevated
systolic and diastolic blood pressure, independent of the renin–angiotensin–aldosterone system [20].
Another study found that VDR knockout mice have increased arterial stiffness through decreased
bioavailability of nitric oxide (NO) [21]. These and other studies proposed that the leading mechanism
for the association between vitamin-D deficiency and CVD is related to endothelial dysfunction and
impaired endothelial-dependent NO production [22–24].

Despite this accumulating evidence of the role of vitamin D in vascular function, direct mechanistic
evidence of this role in the microvasculature of morbidly obese population and how it might be modified
following massive weight loss are largely unexplored. The purpose of the current study is to investigate
the effects of vitamin D on the microvasculature isolated from both subcutaneous (SAT) and visceral
adipose tissue (VAT) in morbidly obese adults before and after bariatric surgery-induced weight loss.
The central hypothesis is that vitamin D would improve microvascular function in obese adults via
improving flow-mediated NO production, and this effect would be of a greater magnitude before
compared to after weight loss. In our previous work, we found that flow-induced dilation (FID) is
impaired in morbidly obese individuals due to an imbalance of NO and H2O2 [25,26]. H2O2 may serve
as a compensatory mechanism for vasodilation during pathological conditions such as obesity [27].
Using the proposed ex vivo system in this study, we are able to explore the contributing vasoactive
mediators of vitamin-D effects on microvascular function, mainly NO and H2O2.

2. Methods

2.1. Human Participants

Subjects were 15 men (n = 2) and women (n = 13), who underwent laparoscopic bariatric surgery
at the University of Illinois Medical Center. The age of subjects ranged from 21 to 49 years old,
and all the women were premenopausal. The eligibility criteria included a body mass index (BMI)
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of at least 40 kg/m2 and the absence of significant chronic morbidities or inflammatory conditions
that may have confounding effects on the study outcomes. Excluded subjects included pregnant
women and individuals with current diabetes mellitus (type I or II), heart disease, liver disease, kidney
disease, gallbladder disease, cancer, or acute or chronic inflammatory diseases such as rheumatoid
arthritis. Four subjects were taking vitamin D supplementation (10,000–50,000 IU vitamin D/week).
Determination of the subject’s eligibility criteria was completed before the pre-surgery evaluation
clinical visit. At the clinical visit, eligible subjects were informed about the study details, and those
who were interested in participating provided written informed consent. The study protocol and
procedures were approved by the University of Illinois at Chicago Institutional Review Board and
followed the standards set by the latest revision of the Declaration of Helsinki. A post-surgery visit at
the University of Illinois Clinical Interface Core (UIC CIC) was established with each subject during
the time of written consent. The study flowchart detailing subject numbers, the timeline for biopsy,
and clinical data collection is displayed in Figure 1.

Figure 1. Study flow chart.

2.2. Physical and Cardiometabolic Measurements

Physical characteristics, including age, gender, body weight, height, BMI, waist circumference,
and cardiometabolic risk factors, were assessed. Fasting blood samples were obtained before biopsy
acquisition for measuring biochemical parameters (lipid profile and glucose metabolism).

2.3. Sample Acquisition

On the day of bariatric surgery, blood samples were collected before the administration of
anesthesia. After the administration of anesthesia, adipose tissue samples (SAT and VAT) were collected
by the surgeon. All samples were immediately placed in cold 2-(4-(2-hydroxyethyl) piperazin-1-yl)
ethanesulfonic acid (HEPES) buffer solution to maintain the viability of the tissue. In the post-surgery
visit, all subjects fasted for 12 hours before the study visit. At the visit, subjects’ anthropometric
measurements, blood pressure, and heart rate were measured. A fasting blood draw was obtained for
total cholesterol, triglycerides, glucose, and insulin measurements. During the post-surgery visit, a SAT
biopsy was obtained by a certified nurse practitioner from the gluteal region under local anesthesia.
The biopsy was immediately placed in cold HEPES buffer solution.

2.4. Microvascular Preparation

Adipose tissues were dissected, and resistance arterioles were isolated and cleaned of excess fat
and connective tissues. Arterioles were then washed and prepared for measuring changes in the internal
diameter in response to flow and acetylcholine (Ach) as previously described [26,28,29]. In summary,
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isolated arterioles were cannulated using glass micropipettes in an organ perfusion chamber, and both
ends were secured using a 10-0 nylon Ethilon monofilament suture. Cannulated arterioles within
the organ chamber were then placed on the stage of an inverted microscope attached to a video
camera, a video monitor, and a video measuring device (model VIA-100; Boeckeler, Madison, WI, USA).
The organ chamber was perfused with heated physiological salt solution (Krebs buffer) that contained
the following components (mM): 4.4 KCL, 123 NaCl, 2.5 CaCl2, 20 NaHCO3, 1.2 MgSO4, 1.2 KH2PO4,
and 11 glucose. The pH of the solution was kept at 7.4 ± 0.05, and the temperature was maintained at
37 ◦C. The buffer was also supplied with air mixture of 21% O2, 5% CO2, and 74% N2. Each end of
the cannulated arteriole was connected via silicon tubes to a physiological buffer-containing reservoir,
and the intraluminal pressure gradient (10–100 cm H2O) was established by modifying the distance
between both reservoirs in equal and opposite directions [30].

2.5. Measurements of Flow-Induced Dilation

Arterioles were constricted with endothelin-1 (Peninsula, San Carlos, CA, USA), and those
constricted less than 30% were excluded from the study. The internal diameter of the cannulated
arterioles was measured at baseline and during gradual increases of the intraluminal pressure gradient
(10–100 cm H2O) or acetylcholine concentration (ACh; 10−9 to 10−4 M) [26]. Measurements were
repeated after incubations with 1,25-dihydroxyvitamin D (1-25(OH)2D; vitamin D, 1 nM), the eNOS
(endothelial nitric oxide synthase) inhibitor L-NAME (10−4 M), the H2O2 scavenger PEG-CAT
(500U/mL), L-NAME plus vitamin D, or PEG-CAT plus vitamin D. Treatments were added to the
physiological bathing solution in 30 minutes before FID and acetylcholine-induced dilation (AchID)
measurements were obtained. Papaverine (10−4 M) was used at the end of each experiment to measure
maximal vasodilation. We reported percentage vasodilation as the percentage increase in the arteriolar
diameter after each treatment condition relative to the endothelin-1 (ET-1)-constricted state.

2.6. Measurements of Arteriolar NO

Nitric oxide produced by freshly isolated microvessels was measured as previously described [31]
using Enzo Life Sciences NO Detection Kit (ThermoFisher Scientific, MA, USA). NO measurements
were performed in cannulated vessels in the organ chambers. In order to stimulate NO production,
vessels were exposed to a pressure gradient of Δ60 cm H2O during which they were incubated with
the NO detection reagents. This step was followed by vessel excision, washing, and mounting on
microscopic coverslips. Images were taken immediately using fluorescence microscopy (Eclipse TE
2000, Nikon, Japan) at 650/670 nm. All incubations and staining and detection protocols were fixed in
all experiments. The acquired images were then analyzed for the intensity of the fluorescent signal in
arbitrary units using National Institute of Health (NIH) Image J software (NIH, Bethesda, MD, USA).

2.7. Statistical Analyses

All results are reported as means ± standard error, and p < 0.05 was considered statistically
significant. Fluorescent images were analyzed for fluorescence intensity after correcting for background
autofluorescence using NIH Image J software (NIH, Bethesda, MD, USA). Paired measurements for FID,
AChID, NO fluorescence, physical characteristics, and cardiometabolic parameters were assessed using
Student’s paired t-test for within-group comparisons. One-way ANOVA followed by an appropriate
post hoc test was used when there were more than two comparisons among different vessel treatments.
Dilation in dose–response data was presented as a percentage increase in the arteriolar diameter after
each treatment condition relative to the ET-1-constricted state. Analyses were performed using SPSS
statistical package (version 18.0; SPSS Inc, Chicago, IL, USA).
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3. Results

3.1. Physical and Cardiometabolic Parameters

Table 1 summarizes age, gender, and anthropometric characteristics of all participants.
Fifteen subjects (13 females and two males; age: 37 ± 8 years) were enrolled in the study. Eight subjects
(seven female and one male; age: 35 ± 6 years) participated in the post-surgery visit. Study participants
lost 13.3 kg of their body weight on average, and their BMI and waist circumference decreased by
13.6% and 12%, respectively. Table 2 summarizes the cardiometabolic parameters we measured in
the study, including blood pressure, heart rate, lipid profile, and glucose metabolism. After surgery,
both systolic and diastolic blood pressures decreased significantly. On average, total cholesterol and
glucose decreased by ~10% and 4%, respectively, three months after surgery compared to the day of
surgery. Serum levels of vitamin D increased significantly (31.8%, p = 0.0003) after bariatric surgery.

Table 1. Physical characteristics of study participants at the time of surgery (n = 15) and three months
post-surgery (n = 8).

Surgery
(n = 15)

Post-Surgery
(n = 8)

p-Value

Age (years) 37 ± 6 35 ± 6 0.455
Sex 2 ♂, 13 ♀ 1 ♂, 7 ♀

Height (cm) 164.9 ± 6.0 166.8 ± 7.7 0.518
Body weight (kg) 132.5 ± 10.4 119.2 ± 3.5 * 0.002

BMI (kg/m2) 47.1 ± 6.3 40.7 ± 5.6 * 0.025
Waist circumference (cm) 131.1 ± 12.6 115.4 ± 13.8 * 0.012

* p-value < 0.05; BMI, body mass index.

Table 2. Cardiometabolic risk factors of participants at the time of surgery (n = 15) and three months
post-surgery (n = 8). 1-25(OH)2D—1,25-dihydroxyvitamin D.

Surgery (n = 15) Post-Surgery (n = 8) p-Value

Systolic BP (mm Hg) 130.3 ± 13.5 119.6 ± 9.8 * 0.042
Diastolic BP (mm Hg) 78.1 ± 9.1 66.7 ± 3.7 * 0.003
Heart rate (beats/min) 85.2 ± 12.9 84.5 ± 10.8 0.897

Total cholesterol (mg/dL) 185.9 ± 20.8 168.7 ± 19.3 * 0.044
Triglycerides (mg/dL) 78.8 ± 10.2 77.3 ± 16.5 0.789

Glucose (mg/dL) 87.4 ± 15.4 83.8 ± 13.3 * 0.047
Insulin (μIU/mL) 10.1 ± 2.0 9.7 ± 1.3 0.616

1-25(OH)2D (ng/mL) 13.8 ± 1.8 18.1 ± 2.2 * 0.0003

* p-value < 0.05; BP, blood pressure.

3.2. Effect of Vitamin D on Arteriolar FID, AchID, and NO Production before Weight Loss (at Time of Surgery)

Vitamin D enhanced the FID and AChID measurements in arterioles (n = 15) isolated from both
VAT (Figure 2A,B) and SAT (Figure 2C,D) compared to baseline. These improvements were of a
higher magnitude in the VAT compared to SAT arterioles. At Δ60 cm H2O, the average FID increased
by 60% in VAT arterioles and 14% in SAT arterioles. Similar results were obtained in response to
Ach. Also, vasodilation improvements in VAT arterioles were obtained at lower pressure gradient
(Δ40) compared to SAT arterioles where significant improvements were only achieved at Δ60 and
higher. These findings could be explained by the lower baseline FID and AchID measurements
in VAT compared to SAT arterioles. These impaired measurements provide a chance for a more
perceptible magnitude of improvement in the VAT arterioles in response to vitamin D. Previous data
from our lab [32] recapitulated the same phenomenon of impaired dilation responses of VAT arterioles
in response to flow and acetylcholine compared to SAT arterioles. Moreover, unlike the significant
reduction in FID and AChID observed in SAT arterioles in response to endothelial nitric oxide synthase
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(eNOS) inhibition by L-NAME (Figure 3C,D), no significant response was observed in VAT arterioles
(Figure 3A,B). The observed low sensitivity of VAT arterioles to NO inhibition might indicate a
disruption in the NO-dependent vasodilation mechanism in these arterioles.

Our data show an enhanced NO sensitivity in VAT arterioles in response to vitamin D as evident
by significant reductions in FID and AchID in vitamin-D-treated VAT arterioles in response to L-NAME
(Figure 3A,B). Vitamin-D-induced FID and AChID improvements were also abolished in SAT arterioles
in response to L-NAME. Unlike VAT arterioles, the magnitude of L-NAME-induced inhibition in
vitamin-D-treated SAT arterioles is comparable to that of the untreated SAT arterioles, indicating a
lesser effect of vitamin D on improving NO pathway in SAT arterioles (Figure 3A–D).

Figure 2. Effect of vitamin D on flow-induced dilation (FID) and acetylcholine-induced dilation (AChID)
in adipose tissue resistance arterioles collected on the day of surgery (n= 15 subjects). FID measurements
in visceral adipose tissue (VAT) arterioles (A) and subcutaneous adipose tissue (SAT) arterioles (C)
corresponding to increasing intraluminal pressure gradients of 10–100 cm H2O. AchID measurements
in VAT arterioles (B) and SAT arterioles (D) corresponding to increasing concentrations of acetylcholine
(Ach) (10−9 to 10−4 M). All measurements are presented as means ± standard error (SE); † p < 0.05
comparing vitamin D with baseline.

It was established that H2O2 is a vasoactive mediator that is released from the endothelium as
a compensatory mechanism for impaired NO-mediated vasodilation [27,33,34]. This compensatory
mechanism mediates vasodilation, at least partly, in conditions characterized by inflammation and
increased production of reactive oxygen species (ROS) such as obesity, hypertension, and coronary
artery disease [26,31]. Our data show that scavenging H2O2 via PEG-CAT decreased FID significantly
in both VAT (Figure 4A) and SAT (Figure 4B) arterioles, indicating a possible contribution of H2O2 in
the arteriolar FID in the obese subjects of this study. On the other hand, vitamin-D-treated vessels
lost the response to the H2O2 scavenger, PEG-CAT (Figure 4A,B), which might refer to an effect of
vitamin D in reducing ROS production or arteriolar dependence on H2O2 as a vasodilator. In the four
subjects who were administered prescribed vitamin-D supplementation before surgery (10000 IU, n = 1;
5,0000 IU, n = 3), we observed no differences in arteriolar FID compared to those who were not taking
vitamin-D supplementation (Figure 5A,B). Also, the effect of L-NAME on inhibiting vasodilation in
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participants taking vitamin-D supplementation (Figure 5C,D) followed the same patterns observed in
all participants (Figure 3).

Consistent with the FID and AchID data, NO production was attenuated in response to L-NAME
incubation, albeit to a greater extent in SAT (−64%) compared to VAT (−20%) arterioles. In the presence
of vitamin D, the production of NO increased in both VAT and SAT arterioles (Figure 6A,B, respectively).
This increase was of a higher magnitude in VAT (75%) than SAT (50%) arterioles, which follows the
pattern of FID changes we presented above. These increases in NO production were abolished by
L-NAME, albeit to a greater extent in SAT (−57%) compared to VAT (−29%) arterioles. PEG-CAT did
not induce any significant effects on NO production in either SAT or VAT arterioles. In summary,
vasodilation in SAT arterioles is more dependent on NO and more sensitive to NO inhibition than VAT
arterioles, and the average baseline NO production in VAT arterioles was lower than SAT arterioles.
Therefore, by improving NO production, vitamin D enhanced vasodilation of VAT arterioles to a
greater extent than SAT arterioles and increased their sensitivity to NO inhibition.

Figure 3. Effect of endothelial nitric oxide synthase (eNOS) inhibition via L-NAME on FID and AchID in
adipose tissue resistance arterioles collected on the day of surgery (n = 15 subjects). FID measurements
corresponding to intraluminal pressure gradients of 10–100 cm H2O in VAT arterioles (A) and SAT
arterioles (C) with and without vitamin D incubation. AchID measurements corresponding to increasing
Ach concentrations (10−9 to 10−4 M) in VAT arterioles (B) and SAT arterioles (D) with and without
vitamin-D incubation. All measurements are presented as means ± standard error (SE); T p < 0.05
comparing L-NAME with baseline, † p < 0.05 comparing vitamin D with baseline, and * p < 0.05
comparing L-NAME + vitamin D with vitamin D alone.
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Figure 4. Effect of scavenging H2O2 via PEG-CAT on FID in adipose tissue resistance arterioles collected
on the day of surgery (n = 15). FID measurements corresponding to intraluminal pressure gradients of
10–100 cm H2O in VAT arterioles (A) and SAT arterioles (B) with and without vitamin-D incubation.
All measurements are presented as means ± standard error (SE); T p < 0.05 comparing L-NAME with
baseline, and † p < 0.05 comparing vitamin D with baseline.

Figure 5. Effect of vitamin-D supplementation prior to surgery on FID in adipose tissue resistance
arterioles collected on the day of surgery. FID measurements corresponding to intraluminal pressure
gradients of 10–100 cm H2O in VAT arterioles (A) and SAT arterioles (B) from subjects who administered
vitamin-D supplements before surgery (n = 4) and subjects who did not (n = 11). Effect of L-NAME
and vitamin-D incubation on FID in VAT arterioles (C) and SAT arterioles (D) from subjects who
administered vitamin-D supplements before surgery (n = 4). All measurements are presented as means
± standard error (SE); T p < 0.05 comparing L-NAME with baseline, † p < 0.05 comparing vitamin D
with baseline, and * p < 0.05 comparing L-NAME + vitamin D with vitamin D alone.
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Figure 6. Nitric oxide (NO) production in isolated adipose tissue arterioles collected on the day of
surgery. Representative images by fluorescence microscopy of NO generation conditions at baseline
and after incubation with L-NAME, PEG-CAT, vitamin D, vitamin D plus L-NAME, and vitamin D
plus PEG-CAT in VAT arterioles (A) and SAT arterioles (B). Charts represent NO fluorescent signals
that were measured and expressed in arbitrary units using NIH Image J software. All measures are
represented as means ± SE; T p < 0.05 comparing L-NAME with baseline, † p < 0.05 comparing vitamin
D with baseline, * p < 0.05 comparing L-NAME + vitamin D with vitamin D alone.

3.3. Effect of Vitamin D on Arteriolar FID, AchID, and NO Production after Weight Loss (Three Months
after Surgery)

Post-surgery SAT arterioles showed minimal to no improvements in FID (Figure 7A) or AChID
(Figure 7B) in response to vitamin D. Baseline arteriolar dilation was attenuated in response to NO
inhibition via L-NAME, to a higher degree (−67% in Δ60) than that in arterioles obtained during
surgery (−52% in Δ60). These findings might indicate a role of surgical weight loss in improving NO
generation in SAT arterioles. The H2O2 scavenger, PEG-CAT, reduced the FID in post-surgery SAT
arterioles to a lesser extent (−9% at Δ60, Figure 7C) than those obtained at the time of surgery (−20%
at Δ60, Figure 4B), indicating less dependence on H2O2 as a vasodilator after surgical weight loss.
This effect was further enhanced by vitamin-D incubation as evident by a complete loss of response to
PEG-CAT in these arterioles (Figure 7C).

When compared to those collected on the day of surgery, post-surgery SAT arterioles demonstrated
improved FID (Figure 8A) at baseline and an enhanced response to the eNOS inhibitor, L-NAME
(Figure 8B). This effect can also be observed when comparing the percentage of FID reduction after
L-NAME in the post-surgery arterioles (Δ60, −68%, Figure 7A) to that in the surgery arterioles (Δ60,
−57%, Figure 3C). After incubation with vitamin D, FID in surgery and post-surgery SAT arterioles was
comparable even though FID in post-surgery SAT arterioles did not improve in response to vitamin D
(Figure 8C). These results may indicate that the effect of vitamin D on improving FID before weight loss
is comparable to the effect of weight loss three months after bariatric surgery. Furthermore, additional
augmentation by vitamin D could not be achieved following weight loss surgery. Enhanced sensitivity
of SAT arterioles to L-NAME was observed in response to a combined effect of weight loss and vitamin
D compared to the sole effect of vitamin D (Figure 8D). In post-surgery arterioles, the response to Ach
mirrored that of FID (Figure 9).
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Nitric oxide fluorescence was higher in SAT arterioles obtained post-surgery compared to arterioles
obtained during surgery, and a more significant reduction in NO production in response to L-NAME
was observed in post-surgery SAT arterioles (Figure 10A). Similar to FID data, NO production was
comparable in SAT arterioles obtained during and after surgery and incubated with vitamin D
(Figures 6A and 10B). In the presence of a combined weight loss and vitamin D, a greater reduction
in NO production in response to L-NAME was observed in SAT arterioles from post-surgery (−69%)
vs. surgery (−54%) (Figures 6B and 10B). When arterioles from surgery samples were incubated with
vitamin D, there was an enhancement in NO production (40%); however, after weight loss surgery,
vitamin-D-induced improvements in NO production were significantly lower (15%). In summary, both
NO and H2O2 play a role in vasodilation in SAT arterioles at the time of surgery in obese bariatric
patients. After surgical weight loss, the NO vasodilatory component is enhanced, and the H2O2

compensatory component is reduced. Vitamin D has a more prominent effect in improving vasodilation
and NO production and sensitivity in SAT arterioles obtained before weight loss compared to those
collected after weight loss.

Figure 7. Effect of vitamin D, L-NAME, and PEG-CAT on vasodilation of SAT arterioles collected three
months after bariatric surgery (n = 8). FID measurements corresponding to intraluminal pressure
gradients of 10–100 cm H2O in SAT arterioles at baseline and after incubation with L-NAME, PEG-CAT,
vitamin D, vitamin D plus L-NAME, and vitamin D plus PEG-CAT (A,C). AchID measurements
corresponding to increasing Ach concentrations (10−9 to 10−4 M) in SAT arterioles at baseline and after
incubation with L-NAME, vitamin D, and vitamin D plus L-NAME (B). All measures are represented
as means ± SE; T p < 0.05 comparing L-NAME or PEG-CAT with baseline, and * p < 0.05 comparing
L-NAME + vitamin D with vitamin D alone.
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Figure 8. Comparison of the FID between SAT arterioles collected on the day of bariatric surgery and
those collected three months after surgery. FID measurements corresponding to intraluminal pressure
gradients of 10–100 cm H2O in SAT arterioles at baseline (A) and after incubation with L-NAME (B),
vitamin D (C), and vitamin D plus L-NAME (D). All measures are represented as means ± SE; * p < 0.05
comparing post-surgery with surgery-obtained arterioles.

Figure 9. Comparison of the AchID between SAT arterioles collected on the day of bariatric surgery
and those collected three months after surgery. AchID measurements corresponding to increasing Ach
concentrations (10−9 to 10−4 M) in SAT arterioles at baseline (A) and after incubation with L-NAME
(B), vitamin D (C), and vitamin D plus L-NAME (D). All measures are represented as means ± SE; * p <
0.05 comparing post-surgery with surgery-obtained arterioles.
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Figure 10. NO production in isolated adipose tissue arterioles. (A) Representative images by
fluorescence microscopy of NO generation conditions at baseline and after incubation with L-NAME
in adipose tissue arterioles collected on the day of surgery (VAT and SAT day of surgery) and three
months after surgery (SAT post-surgery). (B) Representative fluorescence microscopy images of NO
generation conditions at baseline and after incubation with L-NAME, PEG-CAT, vitamin D, vitamin D
plus L-NAME, and vitamin D plus PEG-CAT in SAT arterioles collected three months after surgery.
Charts represent NO fluorescent signals that were measured and expressed in arbitrary units using
NIH Image J software. All measures are represented as means ± SE; T p < 0.05 comparing L-NAME
with corresponding baseline in VAT, SAT day of surgery, and SAT post-surgery, ‡ p < 0.05 comparing
SAT day of surgery and SAT post-surgery, † p < 0.05 comparing vitamin D with baseline, and * p < 0.05
comparing L-NAME + vitamin D with vitamin D alone.

4. Discussion

The main findings of the current study are that vitamin D improved FID and AChID and increased
NO production in resistance arterioles from SAT and VAT. These effects were abolished by eNOS
inhibition via L-NAME but not by H2O2 scavenging via PEG-CAT. In comparing the measures from
pre- and post-surgery, the primary findings of the study are that (1) subjects lost a significant percentage
of their body weight three months after bariatric surgery, (2) SAT arterioles from post-surgery biopsies
demonstrated improved FID and AChID at baseline, increased NO production, enhanced sensitivity to
L-NAME, and reduced effect of PEG-CAT compared to SAT arterioles from the day of surgery sample,
(3) in post-surgery SAT arterioles, vitamin D did not induce any further enhancements in vasodilation
or NO production, and (4) a synergistic interaction between weight loss and vitamin-D incubation was
observed in relation to arteriolar sensitivity to eNOS inhibition via L-NAME.

The findings that vitamin D improves FID, AChID, and NO fluorescence in SAT and VAT
support the notion that vitamin D is a regulator of endothelial function [35,36]. Our findings are
consistent with previous studies suggesting that vitamin D is a transcriptional regulator of eNOS,
effectively increasing the production of NO, the most potent vasodilator within the vasculature [37,38].
Previous studies showed that vitamin-D receptors play a critical role in maintaining vascular health,
and this assumption was supported by data showing reduced NO production, endothelial dysfunction,
increased arterial stiffness, increased aortic impedance, and structural remodeling of the aorta in
mice with mutant vitamin-D receptors [21]. Also, earlier studies demonstrated hypertension and
myocardial hypertrophy in vitamin-D receptor knockout mice [39]. In vitro experiments conducted by
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Martínez-Miguel et al. [40] also supported the role of vitamin-D supplementation in inducing eNOS
transcription and activity in endothelial cells. In addition to the effect of vitamin D on inducing eNOS
expression, it was suggested that vitamin D improves vascular function via reducing the production of
NO-scavenging oxygen radicals and subsequently improving NO bioavailability [41–43].

In addition to its role in inducing eNOS expression and activity, vitamin D was shown to
reduce nuclear factor kappa B (NF-κB) activity and inhibit the production of several pro-inflammatory
cytokines such as tumor necrosis factor-α (TNF-α), interferon gamma (IFN-γ), interleukin 1 beta (IL-1β),
and IL-8, while upregulating the anti-inflammatory cytokine, IL-10 [44]. Previous studies showed that
vitamin D inhibits cytokine-mediated endothelial cell activation and the production of surface adhesion
molecules [45]. Furthermore, vitamin D’s protective effect against atherosclerosis and hypertension was
explained by its ability to decrease the proliferation of vascular smooth muscle, decrease calcium influx
into endothelial cells, decrease vascular resistance, and regulate the renin–angiotensin system [46,47].

In addition to the experimental evidence, several epidemiological studies linked low vitamin-D
levels with high blood pressure, coronary artery disease, myocardial infarction, and heart failure [48–50].
Despite this experimental and epidemiological evidence, results from clinical trials investigating the
effect of vitamin-D supplementation on improving vascular function and reducing cardiovascular risk
were less encouraging. In a metanalysis by Beveridge et al. [51], effects of vitamin-D supplementation on
flow-mediated dilatation of the brachial artery, pulse wave velocity, augmentation index, central blood
pressure, microvascular function, and reactive hyperemia index were assessed using data from 31 trials
(2751 participants). This metanalysis showed no significant improvements in macrovascular function
and modest improvements in microvascular function in response to vitamin-D administration in a daily
dose that ranged from 900 to 5000 IU for a duration of four weeks to 12 months. Other metanalyses
showed a similar lack of significant effects of vitamin-D supplementation on vascular function [52–54].
It is important to note that most of the trials included in these studies did not account for variations in
biologic availability of the administered vitamin D that might be caused by different body compositions.
It is possible that the lack of response to vitamin-D supplementation is due to low blood serum levels of
vitamin D secondary to its sequestration within the adipose tissue. In support of this notion, previous
studies reported lower serum bioavailability of vitamin-D supplementation in obese individuals [55,56].
Accordingly, it would be challenging to measure the systemic effects of vitamin D if it is sequestered
in the body fat. In the current study, we sought to test the effect of direct exposure to vitamin
D in endothelial function and the contributing vasoactive mediators in isolated human arterioles.
Furthermore, we sought to test the effect of fat mass reduction after bariatric surgery on microvascular
function and response to vitamin-D exposure.

The demonstrated vascular improvements in response to exogenous (ex vivo) application of
vitamin D on isolated blood vessels in the current study suggests that the lack of in vivo effects in
previous clinical trials could be related to vitamin-D inaccessibility to vascular tissues. This supposition
might also explain the observed lack of any significant differences in microvascular function between
subjects who administered vitamin D before surgery and those who did not in the current study.
Our findings also highlighted the mechanism via which vitamin D enhanced the microvascular function,
which was found to be mainly mediated by a restoration of the production and sensitivity of the most
potent endothelial-dependent vasodilator, NO. The effect of vitamin D on abolishing any dependence
of microvascular dilation on H2O2, a compensatory mechanism for compromised NO pathways,
indicates the role of vitamin D in reestablishing healthier vascular milieu and vasodilation mechanisms.
The phenomenon of shifting the primary vasoactive mediator from NO to H2O2 under conditions
characterized by inflammation and oxidative stress was reported by our research group and by
others [26,27,31,57,58]. Despite being a vasodilator, H2O2 possesses proinflammatory, prothrombotic,
and proatherogenic properties that eventually exacerbate vascular dysfunction [59]. Accordingly,
the reduced sensitivity of arteriolar vasodilation to H2O2 scavenging might indicate a reduction in
inflammation or ROS production or improved anti-oxidative mechanisms. However, future studies
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are required to confirm this assumption and explore the exact mechanism via which vitamin D reduces
the dependence on H2O2 as a vasodilator.

The findings that baseline FID, AChID, and NO fluorescence improved in SAT arterioles three
months post-surgery and that no further improvements could be achieved in response to exogenous
vitamin-D incubation suggest increased accessibility of vitamin D to vascular tissues after weight loss.
This assumption is supported by the significant elevation of serum vitamin-D levels after surgery.
However, this does not rule out other non-vitamin-D-related, weight loss-induced biological changes
that might have contributed to the observed vascular improvements. Some of the previously suggested
mechanisms could include an improved lipid profile and glucose metabolism and reduced systemic
inflammation [60,61]. It is conceivable that the effect of weight loss in improving microvascular function
is multifactorial; however, the results from the current study indicate a potential role of vitamin D in
restoring vascular health after weight loss. We recently demonstrated the effect of dietary-induced
weight loss in promoting microvascular health and endothelial-mediated NO production [29]. In the
current study, we present evidence that vitamin D contributes, at least partially, to weight loss-associated
vascular improvements.

Findings from previous studies suggest that loss of visceral adipose tissue after weight loss
interventions is easier and greater than subcutaneous adipose tissue [62,63] and that the latter is
the primary storage site for cutaneously produced vitamin D [64]. In our study, weight loss three
months post-surgery may not have affected the amount of subcutaneous adipose tissue significantly.
Therefore, a significant amount of vitamin D sequestered in those tissues may not have been released
into the serum. Accordingly, future studies with long-term follow-up are required to detect robust
improvements in circulating vitamin D and vascular function. The response of FID to PEG-CAT
decreased in the arterioles isolated after surgery compared to arterioles from the day of surgery.
These findings are consistent with previous evidence indicating that in chronic diseases and morbid
obesity, other endothelium-derived vasodilators, such as H2O2, may compensate for the lack of
NO [26,27,34,65]. Yet, the current study is the first to demonstrate the effectiveness of surgical weight
loss in shifting the major vasodilator back to NO and minimizing the dependence on H2O2 in human
adipose tissue resistance arterioles.

Although, consecutive to bariatric surgery, vitamin-D levels improved (Table 2), these levels are
still considered less than adequate (>20 ng/mL) [66]. A growing body of evidence demonstrates a state
of malabsorption and vitamin deficiencies following certain types of bariatric surgeries as reviewed by
Lespessailles et al. [67]. For instance, bypassing the jejunum in the Roux-en-Y gastric bypass (RYGB)
surgery and bile salt deficiency associated with bariatric surgery procedures affect vitamin-D absorption
and bioavailability in post-bariatric patients [68,69]. Based on these facts, the 2008 interdisciplinary
European guidelines on metabolic and bariatric surgery recommended the inclusion of vitamin D as a
routine laboratory test that should be evaluated annually after bariatric surgery [70]. Also, the latest
recommendations of the American Association of Clinical Endocrinologists, the Obesity Society,
and American Society for Metabolic and Bariatric Surgery are to measure vitamin-D blood levels before
and after bariatric surgery and to treat patients with 3000 IU of vitamin D daily after bariatric surgery
to obtain a level greater than 30 ng/mL [71]. Obesity on one hand and post-bariatric malabsorption on
the other hand might cause vitamin-D deficiency; therefore, future studies that investigate long-term
vascular outcomes after bariatric surgery with and without vitamin-D supplementation are required.

There were several limitations to this study. Firstly, this study was limited to a young morbidly
obese male and premenopausal female population, thereby limiting the generalizability of the findings
to the population at large. Secondly, we had a relatively small sample size (pre-surgery: n = 15,
post-surgery: n = 8), which carries with it the risk of a type II error due to low statistical power.
Thirdly, the study design made it not possible to control for the menstrual cycle in the female subjects
during sample acquisition. Hormonal changes during the menstrual cycle were shown to affect the
macrovasculature, but its influence on the microcirculation is unknown. The surgery date could not
be scheduled to control for this as a confounder a priori. Moreover, only eight of the 15 recruited
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subjects returned after their surgery for their second visit. No post-surgery VAT sample was obtained,
as this biopsy was unattainable in the absence of general anesthesia. Another limitation of the
current study is that pre- and post-surgery SAT samples were obtained from different adipose depots
(abdominal vs. gluteal SAT). However, previous studies showed that mechanisms of dilations in
SAT depots are not dependent on the region of biopsy [26]. In addition, the follow-up after surgery
was for a short term (three months), which imposes difficulty in identifying long-term consequences
of surgical weight loss. Thus, future investigations to evaluate the long-term vascular effects of
weight loss after bariatric surgery are warranted. Finally, one of the main limitations of our study is
the unbalanced female-to-male ratio. Although this study was not designed to determine gender-
or racial/ethnic-specific differences in response to bariatric surgery, future studies are required to
determine the influence of such variables on microvascular function.

In summary, this is the first study to explore the effects of surgical weight loss and vitamin D on
microvascular function and the leading mechanisms of vasodilation in human isolated SAT and VAT
resistance arterioles. The results of this study suggest a role of vitamin D in maintaining vascular health.
It also suggests that weight loss is an integral component of enhancing vitamin-D bioavailability and
its effects on enhancing microvascular function and, subsequently, the reduction of cardiovascular risk
in morbidly obese individuals.
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Abstract: Obesity is recognized worldwide as a complex metabolic disorder that has reached epidemic
proportions and is often associated with a high incidence of cardiovascular diseases. To study this
pathology and evaluate cardiac function, several models of diet-induced obesity (DIO) have been
developed. The Western diet (WD) is one of the most widely used models; however, variations in diet
composition and time period of the experimental protocol make comparisons challenging. Thus, this
study aimed to evaluate the effects of two different types of Western diet on cardiac remodeling in
obese rats with sequential analyses during a long-term follow-up. Male Wistar rats were distributed
into three groups fed with control diet (CD), Western diet fat (WDF), and Western diet sugar (WDS)
for 41 weeks. The animal nutritional profile and cardiac histology were assessed at the 41st week.
Cardiac structure and function were evaluated by echocardiogram at four different moments: 17,
25, 33, and 41 weeks. A noninvasive method was performed to assess systolic blood pressure at the
33rd and 41st week. The animals fed with WD (WDF and WDS) developed pronounced obesity
with an average increase of 86.5% in adiposity index at the end of the experiment. WDF and WDS
groups also presented hypertension. The echocardiographic data showed no structural differences
among the three groups, but WDF animals presented decreased endocardial fractional shortening and
ejection fraction at the 33rd and 41st week, suggesting altered systolic function. Moreover, WDF and
WFS animals did not present hypertrophy and interstitial collagen accumulation in the left ventricle.
In conclusion, both WD were effective in triggering severe obesity in rats; however, only the WDF
induced mild cardiac dysfunction after long-term diet exposure. Further studies are needed to search
for an appropriate DIO model with relevant cardiac remodeling.

Keywords: cardiac remodeling; cardiac dysfunction; echocardiogram; obese rats; high-fat high-sugar
diet

1. Introduction

Obesity is a complex metabolic disorder recognized worldwide as a significant health concern,
and its prevalence has reached epidemic proportions [1]. In 2016, more than 1.9 billion adults
were overweight; of these, over 650 million were obese [2]. The etiology of obesity is complex and
multifactorial, especially involving environmental and genetic factors. However, the modern obesity
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epidemic is undoubtedly the result of environmental determinants and is often associated with a
reduction in physical activity and increased intake of diets high in saturated fat and sugars, commonly
termed Western diet [3,4]. Excessive body fat is the leading risk factor for numerous comorbidities, most
notably gastrointestinal diseases, type 2 diabetes mellitus, certain types of cancer, and cardiovascular
disease (CVD) [5].

A number of clinical and animal studies have generated convincing evidence that hemodynamic,
neurohormonal, and metabolic alterations, which are commonly found in obesity, contribute to changes
in cardiac morphology that may predispose to impaired ventricular function and heart failure [6,7].
For a better understanding of the mechanisms underlying cardiac dysfunction in obesity and to assess
potential treatments for this pathology, several experimental animal models have been developed, and
one of the most commonly used is the diet-induced obesity (DIO) model [8]. Among the various types
of experimental diets, such as high-fat, cafeteria, and high-fructose, many studies have preferably used
the Western diet (WD) due to its relative similarity to the human consumption responsible for the
obesity epidemic [9,10].

In WD, various sources of fat and sugar are used in different proportions, sometimes higher
in fat or higher in sugar, and there is no consensus on which one is the most effective to cause
cardiac dysfunction; moreover, the duration of experimental studies ranges widely [11–16]. Thus,
a considerable divergence of results concerning heart function is observed among different studies
making comparisons challenging. Despite the existence of these several investigations regarding
Western diet-induced cardiac dysfunction in animal models, a direct comparison between different
patterns of WD on cardiac structure and function over time has not been adequately evaluated so far.
Therefore, this study aimed to assess the effects of two types of the Western diet, one with high fat
(50% fat, 35% carbohydrate) and one with high carbohydrate (34% fat, 49% carbohydrate) content,
on cardiac remodeling in obese rats with sequential analyses during a long-term follow-up. This
proposal may be useful to determine an adequate obesity model with functional impairment of the heart
so that pathophysiological mechanisms or preventive and therapeutic strategies can be investigated in
future studies.

2. Material and Methods

2.1. Animals

Male Wistar rats (60 days old) were obtained from our breeding colony and housed in individual
cages under a controlled environment with 12 h light/dark cycle at room temperature (24 ◦C ± 2 ◦C)
and 55 ± 5% humidity with water and food ad libitum. All animal experiments and procedures were
performed according to the Guide for the Care and Use of Laboratory Animals published by U.S.
National Institutes of Health [17] and were approved by the Ethics Committee on Animal Experiments
of the Botucatu Medical School, São Paulo State University, UNESP (protocol 1119/2015-CEUA).

2.2. Experimental Design

The experimental timeline for this study was conducted as shown in Figure 1. Randomized rats
were fed with a control diet (CD), Western diet fat (WDF), or Western diet sugar (WDS) for 41 weeks
(n = 10 for each group). The echocardiographic analysis was performed 17 weeks after the beginning
of the study and repeated every 2 months until completion at 41 weeks.

After 41 weeks of experimental protocol, following the echocardiogram and systolic blood pressure
evaluation, the animals were fasted overnight (12 h), anesthetized (50 mg/kg ketamine; 10 mg/kg
xylazine; intraperitoneal injection), and sacrificed by decapitation. The heart was rapidly isolated;
perfused with phosphate-buffered saline (PBS) to remove blood; and then the left and right ventricles,
atria, and papillary muscle were dissected for further analysis. White adipose tissues (WATs) were also
isolated, dissected, and weighed for nutritional profile assessment.
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Figure 1. Schematic representation of the experimental design for the study of the effects of dietary
interventions using a rat model. WDF and WDS: Western diet fat and sugar, respectively. Echo:
echocardiographic analysis. SBP: systolic blood pressure.

2.3. Diet Composition

Diets were developed at the Experimental Research Unit (UNIPEX-UNESP) using the following
ingredients: soybean meal, soybean hull, corn bran, dextrin, sucrose, fructose, soybean oil, palm oil,
palm kernel oil, lard, salt, and vitamin and mineral premix. The CD was custom-formulated with the
same ingredients as the WDF and WDS except for fructose, sucrose, palm oil, and lard added only
in the WDF and WDS, and soybean oil added only in the CD to produce three different diets in fat,
protein, and carbohydrate contents (Table 1 and Figure 2). The CD and WDF have been used in our
previous study [18].

Figure 2. Nutritional composition of diets used in the study. (A) Percentage of total calories from
carbohydrate (orange), protein (blue), and fat (yellow) in the Control diet (CD), Western diet fat (WDF),
and Western diet sugar (WDS). (B) Relative abundance of saturated and unsaturated fatty acids (FA) in
all diets.
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Table 1. Ingredients of Control diet (CD), Western diet fat (WDF), and Western diet sugar (WDS).

Ingredients (g/kg) CD WDF WDS

Soybean bran 335 344 340
Soybean hull 189 117 117
Corn bran 278 80 80
Dextrin 147 20 20
Fructose – 100 180
Sucrose – 50 80
Soybean oil 14 – –
Palm oil – 40 30
Palm kernel oil 9 80 49
Lard – 140 75
Salt 4 8 8
Vitamin and mineral premix 25 25 25

2.4. Nutritional Profile of the Animals

The nutritional profile was assessed according to the following parameters: energy intake, feed
efficiency, body weight, white adipose tissues (WATs) weight, and adiposity index (AI).

Calorie consumption was determined by multiplying the energy value of each diet by the food
intake (g × kcal). The feed efficiency was calculated to analyze the animal’s capacity to convert
consumed food energy in body weight, dividing the total body weight gain (g) by total energy intake
(kcal). The animals were weighed once a week. The WATs were determined by the sum of epididymal,
retroperitoneal, and visceral fat pad weights. To calculate the AI, the WATs was divided by the final
body weight as follows: (WATs/final body weight) × 100. This index is an easy and consistent method
to evaluate the amount of body fat in rodents and several authors have used it [9,19,20].

2.5. Systolic Blood Pressure Evaluation

Systolic blood pressure (SBP) was measured in conscious rats at the 33rd and 41st week using the
noninvasive tail-cuffmethod with an electro-sphygmomanometer, Narco Bio-System (International
Biomedical, Austin, TX, USA), as previously described [21]. The rats were warmed in a wooden box
between 38 and 40 ◦C with heat generated by two incandescent lamps for 4 min to cause vasodilation
of tail artery. Then, they were transferred to a cylindrical iron support that was specially designed to
allow total exposure of the animal’s tail. A sensor coupled to the electro-sphygmomanometer was
placed in the proximal region of the tail. The arterial pulsations were recorded in a computerized
data acquisition system (AcqKnowledge ® MP100, Biopac Systems Inc., Santa Barbara, CA, USA).
The average of two readings was recorded for each measurement.

2.6. Echocardiographic Study

The first echocardiographic analysis was performed at the 17th week of dietary treatment and
evaluated every 2 months until the 41st week, totaling four moments of study (17, 25, 33, and 41 weeks).
The analysis was performed using commercially available echocardiography (General Electric Medical
Systems, Vivid S6, Tirat Carmel, Israel) equipped with a 5–11.5 MHz multi-frequency transducer, as
previously described [22]. Rats were anesthetized by intraperitoneal injection of a mixture of ketamine
(50 mg/kg) and xylazine (1 mg/kg). Two-dimensionally guided M-mode images were obtained from
short-axis views of the LV at or just below the tip of the mitral valve leaflets and at the level of the aortic
valve and left atrium. Flow evaluation (E and A waves) and tissue Doppler were performed in the
apical four-chamber view. The parameters used to calculate the Tei index were obtained in the apical
five-chamber view. M-mode images of the LV were printed on a black and white thermal printer (Sony
UP-890MD) at a sweep speed of 100 mm/sec. The same observer manually measured all LV structures
according to the method of the American Society of Echocardiography [23]. The measurements
obtained were the mean of at least five cardiac cycles on the M-mode tracings.
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The following LV structural parameters were analyzed: LV diastolic diameter (LVDD), LV diastolic
posterior wall thickness (DPWT), LV relative wall thickness (RWT), and diameters of the left atrium
(LA) and aorta (AO). LV function was assessed by the following parameters: endocardial fractional
shortening (EFS), ejection fraction (EF) calculated by the Cube method, and early and late diastolic
mitral inflow velocities (E and A waves) ratio. A combined diastolic and systolic LV function was
measured, calculating the myocardial performance index (Tei index). The study was complemented
using tissue Doppler imaging (TDI) to evaluate early diastolic (E’) velocity of the mitral annulus
(arithmetic average of the lateral and septal walls) and the ratio E/E’.

2.7. Cardiac Morphological Profile

The following parameters determined macroscopic cardiac remodeling: heart, atria, and left and
right ventricle weights, as well as their ratio with tibia length. Additionally, frozen LV samples were
used for histological analysis, as previously described [22]. LV transverse sections were cut at 5 μm
thickness in a cryostat cooled to −20 ◦C and then stained with hematoxylin and eosin to determine
transverse myocyte diameter, which was measured in at least 50–70 myocytes from each LV as the
shortest distance between borders drawn across the nucleus. Collagen interstitial fraction was also
determined using picrosirius red staining of LV sections and, on average, 20 microscopic fields were
used to quantify interstitial collagen fractional area. Perivascular collagen was excluded from this
analysis. All measurements were performed using a Leica microscope (magnification 40×) attached to
a video camera and connected to a computer equipped with image analysis software (Image-Pro Plus
3.0, Media Cybernetics, Silver Spring, MD, USA).

2.8. Statistical Analysis

All data were tested for normality before statistical analysis using the Shapiro-Wilk test. The results
were analyzed using One-way ANOVA followed by Tukey post hoc test (parametric distribution of
data) or Kruskal-Wallis test followed by Dunn’s (non-parametric distribution). Two-way ANOVA with
repeated measures followed by Bonferroni post hoc test was used to determine statistical differences
in body weight evolution, SBP, and echocardiogram. Data are expressed as mean ± s.e.m. (standard
error of the mean) or median (maximum [Max] and minimum [Min] values). All statistical analyses
were performed using SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA, USA), and graphics were
generated using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). The differences
were considered statistically significant when p < 0.05.

3. Results

3.1. Nutritional Profile of the Animals

Over the 41 weeks, both WD induced a progressive increase in body weight gain. The rats fed
with WDS became heavier than those fed with CD diet from the 12th week of dietary treatment until
the end of the study, while rats fed with WDF showed higher body weight than CD rats only after the
15th week (Figure 3).
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Figure 3. Body weight evolution during dietary intervention with Control diet (CD), Western diet fat
(WDF), and Western diet sugar (WDS) for 41 weeks. Data are presented as mean ± s.e.m. Two-way
repeated-measures ANOVA and Bonferroni’s multiple comparisons test. # p < 0.05 Control vs. WDS;
* p < 0.05 Control vs. WDF and WDS (n = 10 rats per group).

As observed in Table 2, the energy intake (kcal per rat) was similar in all groups. After 41 weeks,
the rats receiving WDF and WDS showed an average increase of 18% in body weight, 126% in WATs,
and 86% in adiposity index, indicating that both diets were equally significant in triggering severe
obesity in comparison to CD. Moreover, the feed efficiency was higher in rats fed with WDF and WDS,
even though these rats did not consume more calories than rats fed CD, suggesting that weight gain
occurred regardless of energy intake.

Table 2. Nutritional profile of the animals.

Variables CD (n = 10) WDF (n = 10) WDS (n = 10)

Energy intake, kcal/day 92.1 ± 2.7 85.2 ± 2.2 86.8 ± 2.6
Feed efficiency, % 1.39 ± 0.03 1.88 ± 0.05 *** 1.85 ± 0.07 ***
Initial body weight, g 179 ± 8 183 ± 7 186 ± 8
Final body weight, g 544 ± 10 643 ± 20 ** 649 ± 24 **
Total body weight gain, g 366 ± 6 460 ± 17 ** 463 ± 26 **
Epididymal fat, g 11.1 ± 0.9 19.3 ± 1.9 * 21.5 ± 2.8 **
Retroperitoneal fat, g 12.1 (8.8–16.3) 33.2 (18.9–78.9) ** 34.7 (6.5–63.1) **
Visceral fat, g 8.5 ± 0.6 17.1 ± 1.8 ** 15.0 ± 1.9 *
WATs, g 32.2 ± 2.2 73.6 ± 9.0 ** 72.0 ± 9.3 **
Adiposity index, % 5.9 ± 0.4 11.2 ± 1.0 *** 10.8 ± 1.1 **

Data are presented as mean ± s.e.m. (One-way ANOVA with Tukey post-hoc test) or median (Min–Max)
(Kruskal-Wallis followed by Dunn’s post-hoc test). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. Control. Abbreviations:
CD: control diet; WDF: Western diet fat; WDS: Western diet sugar; WATs: white adipose tissues.

3.2. Systolic Blood Pressure Evaluation

The SBP was higher in WDF-fed animals than their respective controls at 33 and 41 weeks. In the
WDS group, there was a trend toward increased SBP (p = 0.052) at 33 weeks and significant elevation
of the SBP at 41 weeks compared to the CD. These findings indicate that both WD were able to trigger
hypertension in the animals (Figure 4).
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Figure 4. Systolic blood pressure (SBP) at 33rd and 41st week of dietary intervention with Control
diet (CD), Western diet fat (WDF), and Western diet sugar (WDS). Data are presented as mean ± s.e.m.
Two-way repeated-measures ANOVA and Bonferroni’s multiple comparisons test. * p < 0.05 Control
vs. WDF and WDS; # p < 0.05 Control vs. WDF (n = 7–10 rats per group).

3.3. Cardiac Structural and Functional Assessment

Illustrative LV M-mode echocardiograms are shown in Figure 5. Structural analysis of the heart
performed by echocardiogram revealed no significant changes among the CD, WDF, and WDS groups
for all variables (Figure 6). Regarding the evaluated moments, LVDD was increased in the WDF group
at the 25th and 33rd weeks when compared to the 17th week (Figure 6A). DPWT was increased at 41
weeks compared to 17 weeks in CD and WDF groups; moreover, this variable increased from the 25th
week to 41st week in the WDF and WDS groups (Figure 6B). RWT showed a decrease from week 17 to
week 25 and augmented from weeks 25 and 33 to week 41 in the WDF group (Figure 6C). AO enlarged
at weeks 25 and 33 compared to week 17 in WDF-fed rats; furthermore, this variable increased from the
17th week to the 41st week in all groups (Figure 6D). LA expanded from week 17 to weeks 33 and 41
only in the WDF group (Figure 5E). No changes were observed over time for all groups when LA was
normalized by AO (Figure 6F). Overall, most of the observed changed reflect the growth of animals
over time, with no significant effect of obesogenic diets on the cardiac structure.

Figure 5. Illustrative left ventricle M-mode echocardiograms from rats at 17th, 25th, 33rd, and 41st
week. LVDD and LVSD: left ventricular diastolic and systolic diameters, respectively; PW: left ventricle
posterior wall; IVS: interventricular septum.
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Regarding cardiac function, no statistical differences were detected among the three groups for
the Tei index and E/A and E/E’ ratios (Figure 7B,E,F). HR was higher at the 33rd and 41st weeks in
the WDS group compared to CD (Figure 7A). EFS was lower at weeks 33 and 41 in the WDF group
in comparison to CD and WDS (Figure 7C). EF also decreased at the 33rd week in the WDF group
compared to CD and WDS; however, this variable was reduced more at week 41 in the WDF group
than in CD, showing a trend toward declined values concerning WDS (p = 0.059) (Figure 7D). In the
comparisons among the moments, the HR was lower in the 41st week compared to the 17th and 33rd
week in the WDF group; this variable decreased over time in the CD group, being different between
the weeks 17 and 41 (Figure 7A). The E/A ratio was reduced at weeks 25, 33, and 41 concerning week
17 in the WDF group (Figure 7E). The E/E ratio decreased significantly from the 17th week to 25th in
the CD group (Figure 7F). There was no difference among the moments for the Tei index, EFS, and EF
in the three groups (Figure 7B–D).

Figure 6. Serial echocardiographic structural assessment. The analysis was performed at the 17th,
25th, 33rd, and 41st week of dietary intervention with Control diet (CD), Western diet fat (WDF), and
Western diet sugar (WDS). (A) Left ventricle (LV) diastolic diameter (LVDD). (B) LV diastolic posterior
wall thickness (DPWT). (C) Relative wall thickness (RWT). (D) Aortic diameter (AO). (E) Left atrial
diameter (LA). (F) LA/AO ratio. Data are presented as mean ± s.e.m. Two-way repeated-measures
ANOVA and Bonferroni post hoc test. Symbols indicate differences between the moments fixed the
group. & p < 0.05 vs. 17 weeks for WDF; Δ vs. 33 weeks for WDF; φ p < 0.01 vs. 25 weeks for WDF and
WDS; * vs. 17 weeks for C, WDF, and WDS; # p < 0.001 vs. 17 weeks for C and WDF; π vs. 25 weeks for
WDF (n = 10 per group).
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Figure 7. Serial echocardiographic functional assessment. The analysis was performed at 17th, 25th,
33rd, and 41st week of dietary intervention with Control diet (CD), Western diet fat (WDF), and
Western diet sugar (WDS). (A) Heart rate. (B) Tei index. (C) Endocardial fractional shortening (EFS).
(D) Ejection fraction (EF). (E) early (E) and late (A) diastolic mitral inflow velocities ratio. (F) E and
tissue Doppler imaging (TDI) of early mitral annulus diastolic velocity (E’) ratio. Data are presented as
mean ± s.e.m. Two-way repeated-measures ANOVA and Bonferroni post hoc test. Symbols indicate
differences between the moments fixed the group. Letters indicate differences between the groups
fixed the moment. # p < 0.001 vs. 17 weeks for C and WDF; Δ p < 0.05 vs. 33 weeks for WDF; & vs. 17
weeks for WDF; Ψ vs. 17 weeks for C; a C vs. WDS, b C and WDS vs. WDF; and c C vs. WDF (n = 10
per group).

3.4. Cardiac Morphological Evaluation

Post-mortem cardiac macroscopic structure data for the three groups are presented in Table 3.
The WDF group showed increased RVW/T and a trend toward increased HW/T (p = 0.067) in relation
to the CD.
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Table 3. Macroscopic cardiac remodeling.

Variables CD (n = 10) WDF (n = 10) WDS (n = 10)

Tibia, cm 4.49 ± 0.02 4.54 ± 0.04 4.53 ± 0.06
HW/T, mg/cm 263 ± 5 285 ± 8 271 ± 6
ATW/T, mg/cm 24.7 ± 1.1 25.2 ± 1.1 24.0 ± 0.8
LVW/T, mg/cm 193 ± 5 202 ± 5 195 ± 4
RVW/T, mg/cm 48.7 ± 1.1 57.8 ± 3.3 * 52.4 ± 2.0

Data are presented as mean ± s.e.m. (one-way ANOVA with Tukey post-hoc test). * p < 0.05 vs. CD. Abbreviations:
CD: control diet; WDF: Western diet fat; WDS: Western diet sugar; HW, ATW, LVW, and RVW: heart, atria, left, and
right ventricles weights, respectively.

Regarding the LV histological analysis (Figure 8), our results showed that the rats receiving
WDF and WDS had no change in the transverse myocyte diameter and interstitial collagen fraction.
These results indicate that the obese rats did not develop cardiac hypertrophy and interstitial collagen
accumulation. Of note, there was a tendency to higher values of interstitial collagen fraction in the
WDS group compared to the CD (p = 0.059).

Figure 8. Left ventricle histologic analysis at the 41st week of dietary intervention with Control diet
(CD), Western diet fat (WDF), and Western diet sugar (WDS). (A) Transverse myocyte diameter (TMD).
(B) Collagen interstitial fraction (evidenced with arrows). Data are presented as mean ± s.e.m. One-way
ANOVA with Tukey post-hoc test (n = 10 rats per group).

4. Discussion

Obesity is a metabolic disease associated with several comorbidities, including CVD, and its
epidemic has reached alarming levels worldwide. Thus, pre-clinically, experimental models of DIO
have been widely studied. One of the most commonly used diets is the WD, which may change in
the proportion of fat and sugar, as well as in the time-course of obesity and CVD induction, making
it challenging to find the most appropriate model. Therefore, in the present study we have directly
assessed the effects of two types of WD, one with a higher quantity of fat (WDF) and another higher in
sugar (WDS), on cardiac remodeling in obese rats during a long-term follow-up. The main findings of
our study were that although both WD (WDF and WDS) caused pronounced obesity and hypertension,
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only the WDF was able to induce mild cardiac systolic dysfunction after 33 and 41 weeks of dietary
treatment without any sign of cardiac hypertrophy.

As expected, both WD substantially triggered obesity in animals after 41 weeks of the dietary
treatment since these animals showed increased body weight and WATs compared to control animals.
Although measures related to body fat were only obtained at the end of the study, differences in body
weight were early observed from the 12th week for WDS group and from the 15th week for WDF.
It has been previously showed that body weight changes reflect body fat in rodents [24]. Despite
similar energy intake among the three groups studied, the animals fed with WDS and WDF became
obese, suggesting that the nutritional quality of the diet is more related to obesity induction than the
calories per se. Similarly, Bortolin et al. [9] showed that WD-fed rats gained more weight and adipose
tissue than rats fed a control diet, even though the WD group consumed calories resembling a control
group, which proposes that weight gain occurred regardless of calorie consumption. This fact could be
explained by the fact that saturated fatty acids are usually less oxidized than unsaturated ones, and the
nutrients present different thermogenesis, thus favoring fat deposition [25–27]. Taken together, our
findings evidence that both Western diets, i.e., regardless of the proportion of fat and carbohydrate,
were effective in promoting excessive adipose tissue accumulation, which characterizes obesity, in
consensus with other studies [9,12,16,28].

Excess adipose tissue is a major contributor to hypertension [29]. In agreement, the results showed
that our DIO models increased systolic blood pressure regardless of the higher predominance of
fat or sugar in the diet. Several mechanisms are involved in the pathogenesis of obesity-induced
hypertension, including adipokine release, insulin resistance, and stimulation of sympathetic nervous
system and renin-angiotensin system [30,31]. However, the renin-angiotensin system overactivity has
been described as a crucial factor since excessive and dysfunctional adipose tissue leads to increased
release of angiotensin II in circulation [32].

Our main goal was to evaluate the effects of two types of WD on cardiac function in rats during
a follow-up of 41 weeks to establish an appropriate model for future studies. Surprisingly, our data
revealed that only the WDF was able to induce a mild systolic cardiac dysfunction at the 33rd and
41st week, presenting lower values of EFS and EF, and without any change in structural parameters or
presence of hypertrophy or fibrosis. Our present findings did not support the expectation that WD would
result in pronounced impairment of diastolic and systolic functions over the 41-week experimental
period. The cardiac performance in vivo, evaluated by echocardiogram, may be influenced by many
factors, such as heart rate, contractility, preload, and afterload [33]. Thus, a possible explanation for the
decreased systolic function observed in WDF-fed rats could be related to elevated afterload since these
rats presented hypertension. However, the WDS-fed animals also showed increased SBP and yet no
functional change in the heart was observed. Therefore, we believe that the alterations observed in the
WDF group str related to contractile muscle properties due to excessive fatty acid supply in this diet.
Indeed, lipid overload in the heart is associated with cardiac dysfunction by several mechanisms due
to lipotoxicity, including alterations in energy metabolism, especially fatty acid β-oxidation, de novo
ceramide synthesis, oxidative stress, inflammation, endoplasmic reticulum stress, among others [34].

The idea that a WD is harmful to cardiac function is based on a growing body of evidence.
However, studies have also presented controversial dysfunction pattern, because of different variables,
such as animal models, dietary composition, cardiac function analysis methodology, and experimental
duration. These points should be taken into consideration for the divergent findings when comparing
them. The majority of studies that used WD with higher fat predominance, regardless of the experiment
duration, demonstrated an important functional impairment of the heart, assessed by isolated heart
preparation, hemodynamic evaluation, isolated cardiomyocyte measurements, and cardiac magnetic
resonance imaging [11,12,16,35,36]. However, there was no functional alteration when the analysis was
performed by echocardiogram [37,38]. These findings reveal the importance of choosing the method
in the cardiac functional outcome. Among the studies that employed WD with high carbohydrate
content, authors did not show cardiac dysfunction by echocardiographic or hemodynamic evaluation,
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independently of experimental protocol duration [39–41]. Conversely, authors evidenced the presence
of relevant systolic and diastolic dysfunction, evaluated by echocardiogram, when the WD high in
carbohydrate was associated with 25% fructose or sucrose in drinking water, suggesting a crucial role
of sugars [14,42–45]. Indeed, elevated sugar intake has been associated with greater risks of developing
cardiovascular disease [46]. However, experimental studies with high sugar added in the diet [38,47,48]
or in the drinking water [49–51] have also shown conflicting results regarding the cardiac dysfunction
due to the heterogeneity of the experimental protocol. Future investigations should be of reasonable
duration, use defined animal models, and improve comparisons concerning results of relevant doses
of nutrients on specific outcomes to better understand the effect of sugar consumption in the absence
of potential confounding factors. We believe that the synergy between sugar added in drinking water
and the Western diet has a more relevant effect on cardiac remodeling in obesity.

Of note, investigations also showed that WD with a balance between fat and carbohydrate and
without sugar in drinking water impairs both systolic and diastolic function [13] or causes slight cardiac
systolic dysfunction when assessed by echocardiogram. These discrepant outcomes with other authors
cited above may be due to protocol duration, animal model or amount and source of fat and sugar.

Regarding the above remarks, it is noteworthy that the lack of cardiac dysfunction at the whole
heart level does not necessarily imply a lack of subtle alterations in cardiomyocyte function. Perhaps a
functional analysis at the level of isolated heart, myocyte preparations, or papillary muscle could detect
cardiac dysfunction that was not observed in our study. The ex vivo functional evaluations could
minimize neurohumoral influences that can compensate for changes in heart performance. Dietary
modifications, such as introducing sugar into drinking water, could also modify the outcomes found.
Therefore, further studies are needed to search for an appropriate DIO model with cardiac dysfunction,
widely exploring different techniques of functional analysis of the heart, animal models, diets, and
exposure time.

In conclusion, both WD used in the current study (WDF and WDS) were effective in triggering
obesity in animals characterized by the high body weight and adiposity; however, only the WDF
induced mild cardiac systolic dysfunction after long-term exposure to diet.
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Abstract: ANCHORS A-WHEY was a 12-week randomized controlled trial (RCT) designed to examine
the effect of whey protein on large artery stiffness, cerebrovascular responses to cognitive activity
and cognitive function in older adults. Methods: 99 older adults (mean ± SD; age 67 ± 6 years, BMI
27.2 ± 4.7kg/m2, 45% female) were randomly assigned to 50g/daily of whey protein isolate (WPI) or an
iso-caloric carbohydrate (CHO) control for 12 weeks (NCT01956994). Aortic stiffness was determined
as carotid-femoral pulse wave velocity (cfPWV). Aortic hemodynamic load was assessed as the
product of aortic systolic blood pressure and heart rate (Ao SBP × HR). Cerebrovascular response to
cognitive activity was assessed as change in middle-cerebral artery (MCA) blood velocity pulsatility
index (PI) during a cognitive perturbation (Stroop task). Cognitive function was assessed using a
computerized neurocognitive battery. Results: cfPWV increased slightly in CHO and significantly
decreased in WPI (p < 0.05). Ao SBP × HR was unaltered in CHO but decreased significantly in WPI
(p < 0.05). Although emotion recognition selectively improved with WPI (p < 0.05), WPI had no
effect on other domains of cognitive function or MCA PI response to cognitive activity (p > 0.05 for
all). Conclusions: Compared to CHO, WPI supplementation results in favorable reductions in aortic
stiffness and aortic hemodynamic load with limited effects on cognitive function and cerebrovascular
function in community-dwelling older adults.

Keywords: vascular stiffness; blood pressure; whey protein isolate; older adults

1. Introduction

Vascular dysfunction is a phenotypic expression of human aging that contributes to increases
in cardiovascular and cerebrovascular disease prevalence in older adults [1]. With advancing age,
central elastic arteries become stiffer, owing to numerous structural and functional aberrations [2].
This stiffening impairs the inherent buffering capacity of the large central arteries and increases
blood pressure (BP) and blood flow pulsatility. Arterial stiffness and subsequent increases in central
hemodynamic pulsatility are associated with several pathologies of aging including hypertension,
left ventricular hypertrophy and heart failure, renal dysfunction, and retinal damage [2]. Moreover,
increased arterial stiffness and central hemodynamic pulsatility are independent predictors of
cardiovascular and cerebrovascular events and mortality [3,4].

While prolonging life is an important public health goal, preserving the capacity to live and
function independently is equally significant [5]. Identifying proven interventions that can prevent
disability is a major public health challenge. Cognition is an important contributing factor to overall
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functional ability and quality of life with advancing age [6,7]. The brain is a high flow target organ that
is particularly sensitive to excessive hemodynamic pulsatility, with central hemodynamic pulsatility
potentially infiltrating and damaging the delicate cerebral microvasculature. Numerous studies note
relationships between central artery stiffness, pulsatile hemodynamics, cerebrovascular pulsatility,
and cognitive function [8–10]. Arterial stiffness and cerebral pulsatility also predict cognitive decline
with advancing age and incident dementia [11,12]. As such, the American Heart Association and the
American Stroke Association acknowledge the importance of arterial stiffness as a significant factor
governing cognitive impairment with aging and disease, advocating early intervention to postpone or
prevent onset of vascular cognitive impairment [13].

Interventions that improve vascular function may in turn have favorable effects on cognitive
function. Combining nutrition with pharmacology has given rise to nutraceuticals: foods and/or
dietary supplements with bioactive properties leading to possible physiological and health benefits.
Whey protein is one such nutraceutical with the potential to improve both cardiovascular and cognitive
health [14,15]. Whey protein comprises approximately 20% of the protein in milk. Milk proteins
like whey may be one of the mechanisms partially responsible for associations between higher dairy
consumption and reduced risk for incident hypertension [16], reduced arterial stiffness [17] and
improved cognitive function [18]. Indeed, whey protein is encrypted with angiotensin converting
enzyme (ACE) inhibitory peptides (i.e., lactokinins) [19] and is a notable source of l-arginine,
the precursor for nitric oxide. Acute whey protein intake is associated with improved vascular
endothelial function [20] and cognitive function [21] while longer term (12 weeks) consumption
has been shown to improve endothelial function, lower brachial blood pressure and lower central
hemodynamic load (assessed as augmentation index or blood pressure attributable to global wave
reflections) [22,23]. Considering arterial stiffness may represent a novel modifiable target for cognitive
impairment in older adults, whey protein supplementation could serve as a beneficial nutraceutical
strategy to stave both cardiovascular and cognitive decline in older adults.

The Aging, Neurocognitive, and Cardiovascular Health Outcomes Research Study: Add Whey
(ANCHORS A-WHEY) was a double-blind, placebo controlled, randomized controlled trial designed
to compare the effects of whey protein isolate (WPI) supplementation to a carbohydrate (CHO) control
on large artery stiffness (aortic and carotid), central blood pressure pulsatility, cerebrovascular response
to cognitive activity, and cognitive function in community-dwelling older adults. We hypothesized that
compared to CHO, WPI would: (1) lower large artery stiffness and central blood pressure pulsatility;
(2) improve the cerebrovascular response to cognitive activity; (3) improve cognitive function.

2. Methods

This study was approved by the Institutional Review Board of Syracuse University and all
participants were required to provide written informed consent prior to study initiation. One-hundred
and twenty-two men and women between 60–85 years of age voluntarily participated in this study.
Participants were recruited from the community via local newspaper and radio advertisements.
Exclusion criteria included self-reported history of stroke, Alzheimer’s disease, neurological disease
of any kind, smoking, head trauma (i.e., concussion/loss of consciousness within the past 6 months),
diabetes mellitus, pulmonary disease, severe arrhythmia, peripheral artery disease, renal disease,
habitual consumption of whey protein supplements, and laboratory measured severe obesity (body
mass index ≥35 kg/m2), high depressive symptomology (score >18), cognitive impairment (Montreal
Cognitive Assessment score <24), and color blindness. This study was registered at ClinicalTrials.gov
(NCT01956994).

Participants were randomized to supplement their regular, daily diet with 50 g of WPI (NOW food
brands whey protein isolate) or 50 g of carbohydrate (NOW Foods Brand Carbogain, maltodextrin) as
an iso-caloric control condition. The randomization scheme was generated by the study coordinator
using an online resource (randomization.com). Participants were instructed to consume two servings
of 25 g (50 g/day) for 12 weeks. This dosage and study length were chosen based on a previous
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study noting changes in blood pressure and vascular function with similar dosages and similar
length interventions [23]. Both supplements were approximately 100 kcals per serving and had
<0.5 g fat per serving. Supplements were distributed in powder form in pre-measured packets. Both
supplements were Vanilla flavored and similar in color and composition to ensure both participants
and research study personnel were blinded to condition. Participants were instructed to maintain their
habitual physical activity and diet during the intervention trial but refrain from consuming additional
protein supplements. Supplements were given in 3-week supply. Participants returned to the Human
Performance Lab every 3-weeks to receive a new supply, complete a urine test to assess global kidney
function (urinary protein, glucose, ketones, leukocytes, nitrite, pH, specific gravity and P:C ratio) and
return empty packets as a qualitative assessment of compliance.

2.1. Study Design

At the study onset, participants reported to the Human Performance Laboratory for two separate
visits. Each visit occurred first thing in the morning (0600-0900) after an overnight fast. For the consent
and initial screening visit, participants completed a health history questionnaire, visual acuity and
Ishihara color-blindness tests, basic body anthropometrics (height, weight and waist circumference),
and depressive symptomology (Center for Epidemiologic Studies Depression Scale (CES-D)) and global
cognitive function assessment (Montreal Cognitive Assessment (MOCA)). Additional assessments
included body composition via air displacement plethysmography (BodPod; COSMED, Concord, CA),
urinalysis to assess the presence/absence of glucose, protein and ketones, and creatinine levels in the
urine (Clinitek Status+ Analyzer, Siemans, IL), and fasting glucose and lipid levels via finger stick
(Cholestech LDX). Participants were familiarized with all instrumentation and vascular-hemodynamic
measures. Participants also completed a 6m walk test to assess gait speed as a measure of global
physical function.

Participants returned to the Human Performance Lab approximately 7 days after the initial
screening visit for vascular and hemodynamic data acquisition. Vascular-hemodynamic testing
occurred in a quiet, dimly lit, temperature-controlled laboratory during the morning hours following
an overnight fast. Participants were instructed to abstain from vigorous exercise and caffeine/alcohol
consumption for ≥12 h before testing. Participants did not refrain from taking essential medication.
Participants were once again familiarized with all instrumentation and vascular-hemodynamic
measures. Following familiarization, participants were instrumented and rested in the supine position
for 15 min. Participants remained supine for all hemodynamic measures. Baseline measures were then
collected for blood pressure (brachial and aortic), blood flow velocity (carotid and cerebral), and large
artery stiffness (carotid and aortic). Select hemodynamic measures were then reassessed (in duplicate)
during a 4-min cognitive perturbation protocol to assess cerebrovascular responses to cognitive activity
(described below). Finally, participants completed a 30-min computerized cognitive testing battery.
All aforementioned measures were again completed following the 12-week intervention in a single
visit in the morning (within 48 h of consuming the last dose of WPI/CHO).

2.2. Brachial Blood Pressure

Blood pressures were measured using a validated, automated oscillometric cuff (EW3109,
Panasonic Electric Works, Secaucus, NJ, USA). Blood pressure readings were taken in duplicate,
with additional readings acquired if values differed by >5 mmHg. Mean and pulse pressure
were calculated as 1/3 systolic pressure + 2/3 diastolic pressure, and systolic pressure – diastolic
pressure, respectively.

2.3. Aortic Stiffness and Blood Pressure

Pressure waveforms from the right carotid and right femoral arteries were acquired via applanation
tonometry. Following palpation of the carotid artery pulse and femoral artery pulse, the distance
(in mm) between the carotid artery pulse site and suprasternal notch and femoral artery pulse site
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and suprasternal notch was obtained with a tape measure. Aortic path length (transit distance) was
estimated as suprasternal notch-carotid distance subtracted from the suprasternal notch-femoral
distance. Carotid-femoral pulse wave velocity (cfPWV) was calculated as the transit distance/transit
time. All measures followed current professional consensus recommendations [2].

Applanation tonometry was also used to capture two 10-s epochs of radial artery pressure
waveforms (Millar Instruments, Houston, TX, USA). A single composite central aortic pressure
waveform was reconstructed from the aforementioned radial artery pressure waveforms using a
generalized validated transfer function, (SphygmoCor, AtCor Medical, Sydney, NSW, Australia).
The synthesized aortic pressure waveforms were calibrated to brachial mean and diastolic pressure as
mean and diastolic pressure are assumed to be somewhat stable throughout the systemic circulation.
Augmentation index (AIx) was calculated as the ratio of amplitude of the pressure wave above its
systolic shoulder to the total pulse pressure expressed as a percentage ((P2 − P1)/PP × 100). AIx was
also expressed relative to a standardized heart rate as AIx@75. Aortic rate pressure product was
calculated as aortic systolic pressure x heart rate and taken as a measure of central hemodynamic load.
Measures were made in duplicate and averaged values used for subsequent analyses. If AIx differed
between measures by >5% suggesting a difference in pulse wave contour, a third measure was taken
and the average of the 2 closest measures used for analyses.

2.4. Carotid Blood Flow and Stiffness

The left common carotid artery (CCA) was imaged 5–7 cm below the carotid bulb using Doppler
ultrasound (ProSound α7, Aloka, Tokyo, Japan) and 7.5–10.0 mHz linear-array probe. The distance
between the near wall and far wall lumen-intima interface was continuously traced with eTracking
software and used to assess maximum (systolic) and minimum (diastolic) CCA diameters (determined
from simultaneous ECG gating from a single lead modified CM5 configuration). Blood velocity
waveforms were measured using range gated color Doppler signals averaged along the Doppler beam.
Insonation angles were maintained at ≤60◦ all measures, with sample volume manually adjusted to
encompass the entire vessel. CCA pulsatility index (PI) was calculated using semi-automated flow
tracing software as (Vs − Vd)/Vm, where vs. is the peak systolic velocity, Vd diastolic velocity and Vm

the mean velocity.
CCA β-stiffness was determined as ln(Pmax/Pmin)/(Dmax −Dmin)/Dmin), where P and D correspond

to carotid pressure and diameter, respectively, and Max and Min refer to the maximum (systolic) and
minimum (diastolic) values during the cardiac cycle. Carotid pressure was simultaneously obtained
from the right carotid artery via applanation tonometry from a 10 s epoch (SphygmoCor, AtCor
Medical, Sydney, NSW, Australia). Carotid pressure waveforms were calibrated in the same manner as
the synthesized aortic pressure waveform, described above.

CCA wave intensity was calculated using time derivatives of blood pressure (P) and velocity
(U), where wave intensity = (dP/dt × dU/dt); thus the area under the dP/dt × dU/dt curve represents
the energy transfer of the wave. According to WIA, W1 characterizes a forward compression wave
generated by left ventricular contraction that accelerates flow and increases pressure; the negative area
(NA) occurring after W1 is a backward travelling compression wave (wave reflection) that decelerates
flow but augments pressure. CCA WIA was measured to provide insight into cerebrovascular function
as changes in NA in the CCA are thought to be due to wave reflections from cerebral origin [24] and
changes in CCA WIA predict cognitive decline in later-life [25].

2.5. Cerebral Blood Flow Velocity

Left middle cerebral artery (MCA) blood velocity was measured using a 2-mHz transcranial
Doppler ultrasound probe (DWL Doppler Box-X, Compumedics, Germany) applied to the temporal
window. Mean MCA blood velocity and PI were measured at depths of 45–60 mm, as has been
commonly reported for MCA measurements. Mean velocity was calculated from the velocity spectrum
envelope using a standard algorithm implemented on the instrument with use of a fast Fourier
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transform. MCA pulsatility index was calculated with automated flow tracing software using the same
equation as defined previously for CCA PI.

2.6. Cerebrovascular Response to Cognitive Activity

Participants remained supine while a specialized wall mount suspended a 42-inch flat screen
television horizontally over the participant. The television interfaced with a laptop (Dell) and remote
response clicker to run a 4-min customized color-word interference Stroop task (E-Prime 2.0, Psychology
Software Tools Inc., Sharpsburg, PA, USA). A detailed description of this protocol may be found
here [26,27]. This cognitive task has been used previously to assess cardiovascular responses and
neural activation to cognitive stimuli during fMRI [28]. Brachial blood pressure, CCA diameter and
MCA blood velocity were each measured in duplicate during the Stroop task. We operationally defined
cerebrovascular responses to cognitive activity as the change from rest to Stroop for: (1) CCA diameter;
(2) MCA mean velocity; (3) and MCA PI. Change in CCA diameter during mental stress has previously
been used as a measure of carotid endothelial function [29]. Additionally, change in MCA PI during
mental stress has previously been used as a measure of neurovascular coupling and been shown to
predict cognitive performance in older adults [30].

2.7. Computerized Cognitive Function Battery

All participants completed a comprehensive computerized neurocognitive battery that interrogated
numerous cognitive domains including executive function, attention, information processing, response
speed/sensorimotor function, impulsivity, memory, and emotion recognition (social cognition). For a
detailed description of the tasks, please see our previous work [31].

2.8. Physical Activity

Physical activity was assessed qualitatively via the short form International Physical Activity
Questionnaire (IPAQ), and quantitatively via accelerometry (ActiGraph GT3X+ accelerometer;
ActiGraph LLC, Pensacola, FL, USA) in a subset of participants (WPI n = 34, CHO n = 32). This was
done to ensure no seasonal changes in physical activity across the duration of the intervention as a
potential confounder of vascular and cognitive function. Accelerometers were worn on the waist
(directly below the right mid-axillary line) for 7 consecutive days. Data from the GT3X+ device were
downloaded using the low frequency filter from the ActiLife software (version 6.13, ActiGraph LLC,
Pensacola, FL, USA). Participants needed to acquire a minimum of 4 days of wear data with at least
10 h of awake wear time per day to be included in data analysis [32]. Raw accelerometer data was
converted to counts and summed over a 60 sec epoch for days that accrued at least 10 h of awake wear
time. Furthermore, periods of non-wear were defined as consecutive blocks of at least 60 min of 0
activity counts, including up to 2 consecutive minutes of activity counts less than 100, in line with
the National Health and Nutrition Examination Survey (NHANES) criteria [32]. A cut point of 2020
activity counts/min was used to determine the amount of time in minutes spent at a physical activity
level of moderate-to-vigorous intensity (MVPA) [32].

2.9. Statistical Approach

2.9.1. Sample Size Estimation

Sample size estimates were based on the anticipated differences and standard deviation in
large artery stiffness between the WPI and CHO group since we hypothesized that all changes in
cerebral and cognitive function would stem from changes in large artery stiffness. Samples sizes were
estimated by using R.V. Lenth’s Java Applets for Power and Sample Size (retrieved April 9, 2012, from
http://www.stat.uiowa.edu/~{}rlenth/Power). Sample sizes were calculated to give 80% power for an α

0.05 level, two-sided test. Studies note an approximate 20%–30% reduction in large artery stiffness
(increase in compliance) following various pharmacological, dietary and other lifestyle interventions
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of similar length [33–37]. This yields an effect size f as ranging from approximately 0.35–0.49. Thus,
for a power of 0.8 with an alpha set at 0.05 for a two tailed test, approximately 30–40 participants per
group would be needed to detect a similarly-sized main effect in central artery stiffness. Based on
the sample size estimates from our primary outcomes, an estimated drop-out rate of ~10%, and poor
transcranial Doppler windows in ~10% of older adults precluding measurement of MCA flow velocity,
we enrolled 120 participants with the goal of 40 subjects per group completing this RCT to detect
significant changes in desired outcomes.

2.9.2. Statistical Analyses

All data are reported as mean ± standard deviation with statistical significance established a priori
as p < 0.05. Data normality was assessed quantitatively using the Shapiro-Wilk test, with non-normal
data logarithmically transformed to meet normality assumptions. Descriptive characteristics between
WPI and CHO groups were compared using independent T-tests for continuous variables and χ2 tests
for categorical data.

The effects of 12-week supplementation with WPI compared to CHO on using vascular
and secondary outcomes (body weight, lipids, physical activity) were examined using a 2 × 2
(2 group × 2 time) repeated measures ANOVA. Any significant group by time interactions were
further explored using Bonferroni corrected post-hoc tests. Cognitive performance outcomes were
non-normally distributed and unable to be successfully transformed to meet normality assumptions.
Cognitive function and physical activity (IPAQ, MVPA) metrics were thus analyzed via Mann–Whitney
U-tests to test the effect of group (WPI vs. CHO), and group by time interaction (change in cognitive
function metric post-pre for WPI vs. CHO), with Wilcoxon signed-rank tests used to test the effect
of time (baseline vs. 12 weeks). All significant non-parametric analyses were adjusted for multiple
comparisons via Bonferroni correction, since these analyses could not be run simultaneously. Composite
Z-scores were computed for each cognitive construct by summing z-scores for each performance metric
(e.g., accuracy, reaction time, learning rate, etc.) on a given task. All reaction times and error-based
performance metric Z-scores were reverse scored so that positive values indicated better performance.
The effects of the intervention on the detailed metrics of cognitive function that were used to compute
these composite z-scores are displayed in the Supplemental Results (Tables S1–S3). Effect sizes for our
main effects are presented with their corresponding p-values and expressed as partial eta squared (η2)
and Z/

√
n for ANOVA and non-parametric analyses, respectively.

3. Results

Sample characteristics. Of the 122 adults originally recruited, 7 were lost to follow up prior to
randomization, 16 dropped out of the trial, and 99 completed the 12-week intervention (Figure 1,
n = 53 WPI, n = 46 CHO). Among the individuals who finished the trial (98% non-Hispanic white), WPI
and CHO groups did not have statistically different (1) distribution of males and females, (2) prevalence
of hypertension, dyslipidemia, asthma, and family history of CVD, (3) education status, and (4)
depression (CES-D) and global cognitive function (MOCA) at baseline (Table 1).

42



Nutrients 2020, 12, 1054

 
Figure 1. Participant exclusion criteria and recruitment/enrollment flow chart. MI, myocardial
infarction; mo, months; yrs, years; GI, gastrointestinal.

Table 1. Descriptive characteristics (n (%), unless otherwise noted).

WPI n = 53 CHO n = 46 p Value df

Female Sex 26(49.1) 19(41.3) 0.54 98

Asthma 1(1.9) 0(0.0) 1.00 98

Hypertension 23(43.4) 17(37.0) 0.54 98

Dyslipidemia 23(43.4) 28(60.9) 0.11 98

Fam Hx CVD 32(60.4) 28(62.2) 1.00 98

Handedness 0.25 98
Right 42(79.2) 40(87.0)
Left 9(17.0) 3(6.5)

Ambidextrous 2(3.8) 3(6.5)

Education 0.08 98
High School 5(9.4) 1(2.2)
Some college 8(15.1) 3(6.5)
2-yr Degree 3(5.7) 1(2.2)

College 12(22.6) 21(45.7)
Graduate degree 25(47.2) 20(43.5)

Age (years) ˆ 69 ± 7 67 ± 6 0.25 98

Height (m) ˆ 1.67 ± 0.13 1.68 ± 0.10 0.95 98

CESD Score ˆ 7 ± 6 7 ± 8 0.89 95

MOCA Score ˆ 27 ± 2 27 ± 2 0.70 98

ˆ mean ± SD. WPI, whey protein isolate; CHO, carbohydrate; Fam Hx CVD, Family history of cardiovascular
disease; CESD, Center for Epidemiological Studies Depression; MOCA, Montreal Cognitive Assessment; df, degrees
of freedom.

3.1. Intervention Effect on Anthropometrics and Secondary Outcomes

A main effect of time was observed for 6m walk, with participants walking slower at 12 weeks
compared to baseline (p < 0.05; Table 2). A group-by-time interaction revealed BMI significantly
increased from baseline to 12 weeks in the CHO group, with no mean changes observed for WPI.
This effect was driven by a trend for increased body weight at 12 weeks in the CHO group compared
to baseline (interaction effect p = 0.051). There were no significant main effects or interactions detected
for blood lipids or glucose.
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3.2. Intervention Effect on Blood Pressure and Central Hemodynamics

The main effects of time were detected for brachial diastolic and mean pressure, with reductions
at 12 weeks compared to baseline in both WPI and CHO (p < 0.05; Table 3). Significant group-by-time
interactions were found for heart rate, aortic RPP, aortic stiffness (cfPWV), and aortic stiffness corrected
for mean pressure (p < 0.05). Heart rate, aortic RPP (Figure 2B, Baseline: WPI 6965 ± 1088, CHO 6805
± 1212; 12-week: WPI 6610 ± 1081, CHO 6794 ± 1191 mmHg/min), and aortic stiffness (Figure 2A,
Baseline: WPI 10.1 ± 2.9, CHO 9.6 ± 2.5; 12-week: WPI 9.6 ± 2.7, CHO 10.1 ± 2.9 m/s) significantly
decreased from baseline to 12 weeks in WPI, but not in CHO (p < 0.05). When expressed relative to
mean pressure, aortic stiffness was unaltered in WPI but increased from baseline to 12 weeks in CHO
(p < 0.05). No significant main effects or interactions were detected for pulse pressure, augmentation
index, or aortic systolic pressure.

Figure 2. Changes in (A) aortic stiffness (cf PWV) and (B) aortic rate pressure product (RPP) from
baseline to 12 weeks in WPI (whey protein isolate) vs. CHO (carbohydrate) (mean ± SD). Effects,
p-value (partial η2). * p < 0.05 vs. baseline. (A) Group 0.88(0.00); time 0.88(0.00); G × T 0.01(0.00);
df 96. (B) Group 0.96(0.00); time 0.03(0.05); G × T 0.04(0.04); df 94. Bold highlights statistically
significant effects.

3.3. Intervention Effect on Cerebrovascular Hemodynamics

The main effects of time were detected for CCA and MCA mean blood velocity which decreased
from baseline to 12 weeks in both WPI and CHO groups (p < 0.05; Table 4). No main effects were
detected; however, for changes in MCA mean velocity relative to mean arterial pressure (i.e., MCA
conductance). No significant main effects or interactions were detected for CCA and MCA pulsatility
index, CCA forward or reflected wave intensity, and CCA diameter during the intervention.

3.4. Intervention Effect on Cerebrovascular Response to Cognitive Activity

A main effect of time was detected for changes in MCA pulsatility during the Stroop task, which
decreased more at 12 weeks compared to baseline in WPI and CHO (p < 0.05; Table 4). No main effects
or interactions were observed for changes in CCA diameter, MCA mean velocity, or MCA conductance.

3.5. Intervention Effect on Cognitive Function

The main effects of time were observed for executive function and information processing
composite scores, both of which increased (improved) from baseline to 12 weeks (p < 0.05; Table 5).
A significant group-by-time interaction was detected for the emotion identification composite score
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which improved from baseline to 12 weeks in WPI but not CHO (p < 0.05). No significant main effects
or interactions were detected for working memory, attention, memory, or impulsivity composite scores.

4. Discussion

This study used a double-blind, randomized controlled trial to compare the effects of WPI versus
CHO (control) on large artery stiffness, central blood pressure, cerebral responses to cognitive activity,
and cognitive function in community dwelling older adults. Our results indicate that compared to
12 weeks of CHO supplementation, WPI supplementation resulted in modest reductions in aortic
stiffness and central hemodynamic load (assessed as the product of aortic systolic pressure and heart
rate). WPI had no effect on carotid vascular properties, cerebrovascular response to cognitive activity,
and limited effects on cognitive function. Taken together, these data suggest that compared to CHO
supplementation, WPI may favorably alter cardiovascular function in older adults but does not have a
substantial impact on cerebrovascular or neurocognitive function.

We noted reductions in aortic stiffness, assessed via gold-standard cfPWV, following 12 weeks of
WPI compared to CHO. Our study adds to a growing literature noting favorable vascular effects of whey
protein [23] with two RCTs discovering improved endothelial function with WPI in prehypertensive
adults [22,38]. Aortic stiffness has been identified as a therapeutic target [13] owing to its ability to
predict cardiovascular (CV) events and mortality [3,4], and offer insight into residual CVD risk [39].
The reduction in aortic stiffness with WPI may be partially driven by reductions in mean pressure.
When expressed relative to blood pressure (cf PWV/MAP), we noted a slight increase in cfPWV in the
CHO condition. This increase in arterial stiffness may be due to the effects of aging over the 12-week
period, detrimental vascular effects of CHO, or both (i.e., CHO augmented age-associated increases in
cfPWV and hastened vascular aging). WPI prevented increases in cfPWV/MAP seen with CHO. Even
modest reductions in aortic stiffness are of physiological interest and clinically relevant. The effect of
WPI on reducing aortic stiffness observed herein (~ −0.5 m/s) may help reduce CVD risk, particularly
when compared with CHO (~ +0.5 m/s). A difference in aortic stiffness of 1.0 m/s is associated with a
15% reduction in CVD risk [3].

We observed significant reductions in aortic rate pressure product, a measure of central
hemodynamic load with WPI compared to CHO. Rate pressure product is a mechanical hemodynamic
parameter often used as proxy of cardiac oxygen consumption [40]. Aortic rate pressure product
also quantifies the mechanical load experienced by the aorta (i.e., cycles of stretch) that contributes
to aortic stiffening over time. Reductions in aortic rate pressure product herein appear driven by
significant reductions in heart rate and modest reductions in aortic systolic pressure in the WPI versus
CHO group. The unrelenting cyclic stress exerted by each cardiac contraction against the aortic walls
amplifies oxidative stress and contributes to the fatigue and fracture of elastin [41], resulting in greater
reliance on stiffer collagen fibers for wall load bearing. Indeed, a higher heart rate is associated with
increased large artery stiffness [42]. Moreover, a higher resting heart rate is associated with accelerated
progression of aortic stiffness over time [43]. Heart rate itself has been identified as an indicator and
underappreciated risk factor for cardiovascular disease risk [44,45]. In addition to aforementioned
links to large artery stiffening, elevated heart rate has been linked to inflammation, microalbuminuria,
endothelial dysfunction, detrimental vascular remodeling and atherosclerosis [42]. Heart rate reduction
has been shown in experimental (animal) studies to lower oxidative stress, restore endothelial function,
and inhibit atherogenesis [42]. Reducing aortic rate pressure product via reductions in heart rate may
thus help slow the progression of aortic stiffening over time by reducing cycles of stretch. Lower
heart rate may also impact aortic stiffness via effects on mean (distension) pressure as a longer cardiac
cycle with lower heart rate equates to more time spent in diastole. Overall, our findings suggest that
compared to CHO, the heart rate-lowering effect of WPI in older adults may have a favorable effect on
aortic stiffness and in turn CVD risk.

Given the significant association between increased heart rate and cardiovascular mortality, heart
rate has been considered a potential therapeutic target [46]. Pharmacological means of lowering heart
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rate has been shown to reduce mortality in clinical populations [47] although this is not a universal
finding across pharmacological agents. A meta-analysis of >68,000 patients suggests that lowering
heart rate with Beta-blockers is associated with increased mortality risk in hypertensives [48]. This may
be because the lowering heart rate with Beta-blockers is associated with increased pressure from wave
reflections [49,50]. Heart rate is inversely related to pressure from wave reflections, such that lower
heart rates are associated with increased pressure from wave reflections [51]. This inverse association
may be stronger in older adults with higher aortic stiffness, such that a smaller decrease in heart rate
may induce a larger increase in pressure from wave reflections [52]. Separate from cardiovascular
effects of aortic stiffness, increased pressure from wave reflections increases cardiac afterload and is
associated with numerous morbidities and mortality [3]. It is important to underscore that reductions
in heart rate within the WPI group occurred without concomitant changes in global wave reflections,
as augmentation index was unaltered. Reductions in HR with WPI may be related to ACE-inhibitory
properties [53] but more research will be needed to further explore the potential mechanism. Thus,
unlike what may be seen with select medications [54], WPI may be able to lower heart rate in older
adults without having a detrimental impact on central hemodynamic load.

We noted no effects of WPI compared to CHO on carotid artery stiffness and subsequent
cerebrovascular hemodynamics. Although the carotid artery and aorta are both considered central
elastic arteries, they “age” at slightly different rates, are influenced differently by traditional CVD risk
factors, and are differentially associated with target organ damage and cerebrovascular risk [55–57].
In the context of higher blood pressure, the aorta may stiffen more than the carotid artery, suggesting
the higher sensitivity of the aorta to the effects of aging [57]. It is possible that each artery may respond
differently to dietary manipulation and that the aorta may be more sensitive to supplementation
with WPI compared to the carotid artery. When performing secondary exploratory analyses, central
hemodynamic load (RPP) was associated with cfPWV at baseline (r = 0.38, p = 0.001) and 12 weeks
(r = 0.25, p = 0.015) and change in RPP across the intervention was associated with change in cfPWV
(r = 0.38, p = 0.007). Conversely, central hemodynamic load (RPP) was not associated with carotid
stiffness at baseline (r = 0.09, p = 0.39) and 12 weeks (r = −0.04, p = 0.71), and change in RPP across the
intervention was not associated with change in carotid stiffness (r = 0.09, p = 0.40). The carotid artery
may be more resilient to the effects of hemodynamic load. Overall, our findings suggest that although
lowering central hemodynamic load with WPI may have a favorable effect on aortic stiffness compared
to CHO, this does not translate to a similar favorable effect on carotid artery stiffness.

Cerebrovascular and cognitive function was generally unaltered with WPI compared to CHO.
We did observe a select improvement in emotion identification among the WPI group compared
to CHO, which is linked to general cognition and may play an integral role in the organization
of information processing [58]. Despite this modest effect, we noted no further significant group
differences in executive function, memory/working memory, attention, impulsivity, or information
processing. The latter findings are consistent with a recent meta-analysis suggesting that milk and
dairy intake may not improve cognitive function in older adults [59], and an RCT noting that WPI
specifically may not impact cognitive function [60]. Overall, it is possible that the common carotid
artery serves as an extra-cranial “gatekeeper”, either buffering entry of hemodynamic pulsatility to the
brain or facilitating transmission of excess pulsatile energy [61]. Thus, by not affecting carotid artery
stiffness, WPI may have been ineffective in further impacting cerebrovascular response to cognitive
activity and cognitive function itself.

We chose maltodextrin as our control, given its similar appearance and energy yield to WPI
and we view this as a delimitation. Maltodextrin is the most commonly used control reported in
this area of scholarship. Maltodextrin may not be an inert placebo and could have influenced some
outcome measures. Although maltodextrin is a polysaccharide and complex CHO, when compared to
WPI, maltodextrin has a higher glycemic index [62] which in theory could have a detrimental effect
on glycemic control and thus vascular function. As mentioned previously, our findings should be
interpreted in the context that noted interactions (cfPWV) could have been driven partially by a) direct
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detrimental effects of CHO on vascular function and thus aortic stiffness, and/or b) CHO amplifying
vascular aging. We believe this unlikely as a recent ancillary study from the large multicenter Protein
Supplementation Trial noted specifically that although maltodextrin supplementation (45 g/daily for
18 months) increases glycemic load, it does not have a detrimental effect on systemic inflammation or
insulin resistance [63]. Moreover, maltodextrin does not have detrimental effects on vascular endothelial
function measured as brachial flow-mediated dilation or circulating biomarkers of vascular endothelial
inflammation [22,38]. Our study noted no detrimental effects of maltodextrin on blood pressure,
heart rate or other cardiometabolic parameters (e.g., fasting glucose and triglycerides), all notable
determinants of change in PWV over time [64–66]. Thus while maltodextrin is not a completely “inert
placebo”, it does not appear to have effects on many of the more prominent determinants of vascular
stiffness (i.e., systemic inflammation, vascular inflammation, vascular endothelial function, blood
pressure, heart rate, insulin resistance).

We did not control participants’ dietary intake, and this may be viewed as a study limitation.
The majority of previous studies comparing WPI to CHO have found expected changes in macronutrient
composition when comparing supplement groups (i.e., higher dietary protein composition and lower
CHO in the WPI group and higher dietary CHO composition with lower protein in the CHO
group) [22,38,67–69]. Interestingly, although changes in macronutrients occur as expected, older
adults may decrease ad libitum caloric intake resulting in an iso-caloric total energy state across the
intervention period [70]. Increased intake of one macronutrient results in a decreased intake of at least
one of the other macronutrients under isocaloric conditions [71]. Thus, we cannot distinguish the effects
of increased protein consumption from the effects of possible decreased carbohydrate consumption
in the WPI group. WPI may have a slightly greater effect on satiety resulting in an anorexigenic
response compared to maltodextrin [62], and a slightly greater reduction in total caloric intake across
the intervention compared to CHO [72]. Our results would support these observations as there was no
significant change in body mass in the WPI group but a small nonsignificant increase (~1 kg) in the
CHO group. Of overall importance for the interpretation of our findings, statistically adjusting for
change in BMI did not have an effect on group differences in cfPWV thus it is unlikely that the ~1kg
increase in body mass in the CHO group was responsible for noted group differences in aortic stiffness.

Additional limitations should be noted. Our participants were well-educated with ~75%
completing college and an additional ~40% completing a graduate degree. Education may increase
cognitive reserve and be related to a more enriched environment later in life, preserving cognitive
flexibility [73]. As such, our participants were a higher functioning group with less room for cognitive
improvement. Our study population comprised 98% non-Hispanic white adults. There are known
racial differences in large artery stiffness [74] and the blood pressure response to ACE-inhibitors [75].
Additional research exploring the impact of WPI on cardiovascular health in non-Hispanic black/African
American adults and Hispanic adults is warranted. Finally, our strict exclusion criteria may limit the
generalizability of our findings to other populations of older adults (e.g., diabetics).

5. Conclusions

In conclusion, WPI has a modest but favorable effect on aortic stiffness and central hemodynamic
load (appraised as the product of heart rate and central systolic blood pressure) in community-dwelling
older adults when compared to a CHO control. WPI may not affect carotid artery stiffness or
cerebrovascular response to cognitive activity, and appears to have limited effects on cognitive function
among older adults. Although a logical extension of our findings would suggest WPI has potential
as a nutritional strategy to help manage age-associated increases in aortic stiffness, further studies
utilizing longer intervention periods and alternative control conditions will be needed to corroborate
our findings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/4/1054/s1,
Table S1: Memory, impulsivity, emotion identification, and response speed at baseline and 12 weeks in WPI and
CHO groups (mean ± SD), Table S2: Working memory, and attention and concentration at baseline and 12 weeks in
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Whey and Carbohydrate groups (mean ± SD), Table S3: Information processing efficiency and executive function
at baseline and 12 weeks in Whey and Carbohydrate groups (mean ± SD).

Author Contributions: Conceptualization, K.S.H.; Data curation, W.K.L., J.A.A., N.L.S., W.E.H., M.C.B., B.K.H.
and K.S.H.; Formal analysis, W.K.L. and K.S.H.; Funding acquisition, K.S.H.; Investigation, W.K.L., J.A.A., W.E.H.,
M.C.B., B.K.H. and K.S.H.; Methodology, N.L.S. and K.S.H.; Project administration, J.A.A., N.L.S., B.K.H. and
K.S.H.; Resources, B.K.H. and K.S.H.; Supervision, K.S.H.; Writing—original draft, W.K.L., J.A.A., N.L.S., W.E.H.,
M.C.B., B.K.H. and K.S.H.; Writing—review and editing, W.K.L., J.A.A., N.L.S., W.E.H., M.C.B., B.K.H. and K.S.H.
All authors have read and agreed to the published version of the manuscript.

Funding: Findings from the ANCHORS A-WHEY Clinical Trial. Funding for this study provided by: The Dairy
Management Inc, (Dairy Research Institute) Grant1154 (Principle Investigator Heffernan) and NIH NIA P30
AG0344645 05 (Project Director Heffernan). Whey protein isolate and carbohydrate (Carbogain) were donated by
NOW supplements (Bloomingdale IL).

Acknowledgments: We thank all participants for graciously giving their time. We thank Tiago Barreira for
assistance processing accelerometer data.

Conflicts of Interest: This study was funded by The Dairy Management Inc, (Dairy Research Institute) Grant1154
(Principle Investigator Heffernan) and NIH NIA P30 AG0344645 05 (Project Director Heffernan). Whey protein
isolate and carbohydrate (Carbogain) were donated by NOW supplements (Bloomingdale IL).

References

1. Najjar, S.S.; Scuteri, A.; Lakatta, E.G. Arterial aging: Is it an immutable cardiovascular risk factor? Hypertension
2005, 46, 454–462. [CrossRef] [PubMed]

2. Townsend, R.R.; Wilkinson, I.B.; Schiffrin, E.L.; Avolio, A.P.; Chirinos, J.A.; Cockcroft, J.R.; Heffernan, K.S.;
Lakatta, E.G.; McEniery, C.M.; Mitchell, G.F.; et al. Recommendations for Improving and Standardizing
Vascular Research on Arterial Stiffness: A Scientific Statement from the American Heart Association.
Hypertension 2015, 66, 698–722. [CrossRef] [PubMed]

3. Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of cardiovascular events and all-cause mortality
with arterial stiffness: A systematic review and meta-analysis. J. Am. Coll. Cardiol. 2010, 55, 1318–1327.
[CrossRef] [PubMed]

4. Vlachopoulos, C.; Aznaouridis, K.; O’Rourke, M.F.; Safar, M.E.; Baou, K.; Stefanadis, C. Prediction of
cardiovascular events and all-cause mortality with central haemodynamics: A systematic review and
meta-analysis. Eur. Heart J. 2010, 31, 1865–1871. [CrossRef]

5. Katz, S.; Branch, L.G.; Branson, M.H.; Papsidero, J.A.; Beck, J.C.; Greer, D.S. Active life expectancy. N. Engl. J.
Med. 1983, 309, 1218–1224. [CrossRef]

6. Castro-Lionard, K.; Thomas-Anterion, C.; Crawford-Achour, E.; Rouch, I.; Trombert-Paviot, B.;
Barthelemy, J.C.; Laurent, B.; Roche, F.; Gonthier, R. Can maintaining cognitive function at 65 years
old predict successful ageing 6 years later? The PROOF study. Age Ageing 2011, 40, 259–265. [CrossRef]

7. Gaugler, J.E.; Yu, F.; Krichbaum, K.; Wyman, J.F. Predictors of nursing home admission for persons with
dementia. Med. Care 2009, 47, 191–198. [CrossRef]

8. Pase, M.P.; Herbert, A.; Grima, N.A.; Pipingas, A.; O’Rourke, M.F. Arterial stiffness as a cause of cognitive
decline and dementia: A systematic review and meta-analysis. Intern. Med. J. 2011. [CrossRef]

9. Van Sloten, T.T.; Protogerou, A.D.; Henry, R.M.; Schram, M.T.; Launer, L.J.; Stehouwer, C.D. Association
between arterial stiffness, cerebral small vessel disease and cognitive impairment: A systematic review and
meta-analysis. Neurosci. Biobehav. Rev. 2015, 53, 121–130. [CrossRef]

10. Alvarez-Bueno, C.; Cunha, P.G.; Martinez-Vizcaino, V.; Pozuelo-Carrascosa, D.P.; Visier-Alfonso, M.E.;
Jimenez-Lopez, E.; Cavero-Redondo, I. Arterial Stiffness and Cognition Among Adults: A Systematic
Review and Meta-Analysis of Observational and Longitudinal Studies. J. Am. Heart Assoc. 2020, 9, e014621.
[CrossRef]

11. Scuteri, A.; Tesauro, M.; Appolloni, S.; Preziosi, F.; Brancati, A.M.; Volpe, M. Arterial stiffness as an
independent predictor of longitudinal changes in cognitive function in the older individual. J. Hypertens
2007, 25, 1035–1040. [CrossRef]

12. Chung, C.P.; Lee, H.Y.; Lin, P.C.; Wang, P.N. Cerebral Artery Pulsatility is Associated with Cognitive
Impairment and Predicts Dementia in Individuals with Subjective Memory Decline or Mild Cognitive
Impairment. J. Alzheimer’s Dis. JAD 2017, 60, 625–632. [CrossRef] [PubMed]

50



Nutrients 2020, 12, 1054

13. Gorelick, P.B.; Scuteri, A.; Black, S.E.; Decarli, C.; Greenberg, S.M.; Iadecola, C.; Launer, L.J.; Laurent, S.;
Lopez, O.L.; Nyenhuis, D.; et al. Vascular contributions to cognitive impairment and dementia: A statement
for healthcare professionals from the american heart association/american stroke association. Stroke 2011, 42,
2672–2713. [CrossRef] [PubMed]

14. Camfield, D.A.; Owen, L.; Scholey, A.B.; Pipingas, A.; Stough, C. Dairy constituents and neurocognitive
health in ageing. Br. J. Nutr. 2011, 106, 159–174. [CrossRef] [PubMed]

15. Patel, S. Emerging trends in nutraceutical applications of whey protein and its derivatives. J. Food Sci. Technol.
2015, 52, 6847–6858. [CrossRef] [PubMed]

16. Soedamah-Muthu, S.S.; Verberne, L.D.; Ding, E.L.; Engberink, M.F.; Geleijnse, J.M. Dairy consumption and
incidence of hypertension: A dose-response meta-analysis of prospective cohort studies. Hypertension 2012,
60, 1131–1137. [CrossRef] [PubMed]

17. Crichton, G.E.; Elias, M.F.; Dore, G.A.; Abhayaratna, W.P.; Robbins, M.A. Relations between dairy food intake
and arterial stiffness: Pulse wave velocity and pulse pressure. Hypertension 2012, 59, 1044–1051. [CrossRef]

18. Crichton, G.E.; Elias, M.F.; Dore, G.A.; Robbins, M.A. Relation between dairy food intake and cognitive
function: The Maine-Syracuse Longitudinal Study. Int. Dairy J. 2012, 22, 15–23. [CrossRef]

19. FitzGerald, R.J.; Murray, B.A.; Walsh, D.J. Hypotensive peptides from milk proteins. J. Nutr. 2004, 134,
980S–988S. [CrossRef]

20. Ballard, K.D.; Kupchak, B.R.; Volk, B.M.; Mah, E.; Shkreta, A.; Liptak, C.; Ptolemy, A.S.; Kellogg, M.S.;
Bruno, R.S.; Seip, R.L.; et al. Acute effects of ingestion of a novel whey-derived extract on vascular endothelial
function in overweight, middle-aged men and women. Br. J. Nutr. 2012, 1–12. [CrossRef]

21. Markus, C.R.; Olivier, B.; de Haan, E.H. Whey protein rich in alpha-lactalbumin increases the ratio of
plasma tryptophan to the sum of the other large neutral amino acids and improves cognitive performance in
stress-vulnerable subjects. Am. J. Clin. Nutr. 2002, 75, 1051–1056. [CrossRef] [PubMed]

22. Fekete, A.A.; Giromini, C.; Chatzidiakou, Y.; Givens, D.I.; Lovegrove, J.A. Whey protein lowers blood
pressure and improves endothelial function and lipid biomarkers in adults with prehypertension and mild
hypertension: Results from the chronic Whey2Go randomized controlled trial. Am. J. Clin. Nutr. 2016, 104,
1534–1544. [CrossRef] [PubMed]

23. Pal, S.; Ellis, V. The chronic effects of whey proteins on blood pressure, vascular function, and inflammatory
markers in overweight individuals. Obesity 2010, 18, 1354–1359. [CrossRef] [PubMed]

24. Bleasdale, R.A.; Mumford, C.E.; Campbell, R.I.; Fraser, A.G.; Jones, C.J.; Frenneaux, M.P. Wave intensity
analysis from the common carotid artery: A new noninvasive index of cerebral vasomotor tone. Heart Vessel.
2003, 18, 202–206. [CrossRef]

25. Chiesa, S.T.; Masi, S.; Shipley, M.J.; Ellins, E.A.; Fraser, A.G.; Hughes, A.D.; Patel, R.S.; Khir, A.W.; Halcox, J.P.;
Singh-Manoux, A.; et al. Carotid artery wave intensity in mid- to late-life predicts cognitive decline: The
Whitehall II study. Eur. Heart J. 2019, 40, 2300–2309. [CrossRef]

26. Heffernan, K.S.; Spartano, N.L.; Augustine, J.A.; Lefferts, W.K.; Hughes, W.E.; Mitchell, G.F.; Jorgensen, R.S.;
Gump, B.B. Carotid artery stiffness and hemodynamic pulsatility during cognitive engagement in healthy
adults: A pilot investigation. Am. J. Hypertens. 2015, 28, 615–622. [CrossRef]

27. Lefferts, W.K.; DeBlois, J.P.; Barreira, T.V.; Heffernan, K.S. Neurovascular Coupling during Cognitive Activity
in Adults with Controlled Hypertension. J. Appl. Physiol. 2018. [CrossRef]

28. Sheu, L.K.; Jennings, J.R.; Gianaros, P.J. Test-retest reliability of an fMRI paradigm for studies of cardiovascular
reactivity. Psychophysiology 2012, 49, 873–884. [CrossRef]

29. Naqvi, T.Z.; Hyuhn, H.K. Cerebrovascular mental stress reactivity is impaired in hypertension. Cardiovasc.
Ultrasound 2009, 7, 32. [CrossRef]

30. Heffernan, K.S.; Augustine, J.A.; Lefferts, W.K.; Spartano, N.L.; Hughes, W.E.; Jorgensen, R.S.; Gump, B.B.
Arterial stiffness and cerebral hemodynamic pulsatility during cognitive engagement in younger and older
adults. Exp. Gerontol. 2018, 101, 54–62. [CrossRef]

31. Lefferts, W.K.; Hughes, W.E.; White, C.N.; Brutsaert, T.D.; Heffernan, K.S. Effect of acute nitrate
supplementation on neurovascular coupling and cognitive performance in hypoxia. Appl. Physiol. Nutr.
Metab 2016, 41, 133–141. [CrossRef]

32. Troiano, R.P.; Berrigan, D.; Dodd, K.W.; Masse, L.C.; Tilert, T.; McDowell, M. Physical activity in the United
States measured by accelerometer. Med. Sci. Sports Exerc. 2008, 40, 181–188. [CrossRef] [PubMed]

51



Nutrients 2020, 12, 1054

33. Ratchford, E.V.; Gutierrez, J.; Lorenzo, D.; McClendon, M.S.; Della-Morte, D.; DeRosa, J.T.; Elkind, M.S.;
Sacco, R.L.; Rundek, T. Short-term effect of atorvastatin on carotid artery elasticity: A pilot study. Stroke 2011,
42, 3460–3464. [CrossRef] [PubMed]

34. Lunder, M.; Janic, M.; Habjan, S.; Sabovic, M. Subtherapeutic, low-dose fluvastatin improves functional
and morphological arterial wall properties in apparently healthy, middle-aged males—A pilot study.
Atherosclerosis 2011, 215, 446–451. [CrossRef]

35. Gates, P.E.; Tanaka, H.; Hiatt, W.R.; Seals, D.R. Dietary sodium restriction rapidly improves large elastic
artery compliance in older adults with systolic hypertension. Hypertension 2004, 44, 35–41. [CrossRef]

36. Moreau, K.L.; Donato, A.J.; Seals, D.R.; DeSouza, C.A.; Tanaka, H. Regular exercise, hormone replacement
therapy and the age-related decline in carotid arterial compliance in healthy women. Cardiovasc. Res. 2003,
57, 861–868. [CrossRef]

37. Balkestein, E.J.; van Aggel-Leijssen, D.P.; van Baak, M.A.; Struijker-Boudier, H.A.; Van Bortel, L.M. The effect
of weight loss with or without exercise training on large artery compliance in healthy obese men. J. Hypertens.
1999, 17, 1831–1835. [CrossRef]

38. Yang, J.; Wang, H.P.; Tong, X.; Li, Z.N.; Xu, J.Y.; Zhou, L.; Zhou, B.Y.; Qin, L.Q. Effect of whey protein on
blood pressure in pre- and mildly hypertensive adults: A randomized controlled study. Food Sci. Nutr. 2019,
7, 1857–1864. [CrossRef]

39. Niiranen, T.J.; Kalesan, B.; Hamburg, N.M.; Benjamin, E.J.; Mitchell, G.F.; Vasan, R.S. Relative Contributions
of Arterial Stiffness and Hypertension to Cardiovascular Disease: The Framingham Heart Study. J. Am.
Heart Assoc. 2016, 5. [CrossRef]

40. Westerhof, N. Cardiac work and efficiency. Cardiovasc. Res. 2000, 48, 4–7. [CrossRef]
41. O’Rourke, M.F.; Hashimoto, J. Mechanical factors in arterial aging: A clinical perspective. J. Am. Coll. Cardiol.

2007, 50, 1–13. [CrossRef]
42. Custodis, F.; Schirmer, S.H.; Baumhakel, M.; Heusch, G.; Bohm, M.; Laufs, U. Vascular pathophysiology in

response to increased heart rate. J. Am. Coll. Cardiol. 2010, 56, 1973–1983. [CrossRef]
43. Benetos, A.; Adamopoulos, C.; Bureau, J.M.; Temmar, M.; Labat, C.; Bean, K.; Thomas, F.; Pannier, B.;

Asmar, R.; Zureik, M.; et al. Determinants of accelerated progression of arterial stiffness in normotensive
subjects and in treated hypertensive subjects over a 6-year period. Circulation 2002, 105, 1202–1207. [CrossRef]

44. Aune, D.; Sen, A.; o’Hartaigh, B.; Janszky, I.; Romundstad, P.R.; Tonstad, S.; Vatten, L.J. Resting heart
rate and the risk of cardiovascular disease, total cancer, and all-cause mortality—A systematic review and
dose-response meta-analysis of prospective studies. Nutr. Metab. Cardiovasc. Dis. NMCD 2017, 27, 504–517.
[CrossRef]

45. Bohm, M.; Reil, J.C.; Deedwania, P.; Kim, J.B.; Borer, J.S. Resting heart rate: Risk indicator and emerging risk
factor in cardiovascular disease. Am. J. Med. 2015, 128, 219–228. [CrossRef]

46. Oliva, F.; Sormani, P.; Contri, R.; Campana, C.; Carubelli, V.; Ciro, A.; Morandi, F.; Di Tano, G.; Mortara, A.;
Senni, M.; et al. Heart rate as a prognostic marker and therapeutic target in acute and chronic heart failure.
Int. J. Cardiol. 2018, 253, 97–104. [CrossRef]

47. Dobre, D.; Borer, J.S.; Fox, K.; Swedberg, K.; Adams, K.F.; Cleland, J.G.; Cohen-Solal, A.; Gheorghiade, M.;
Gueyffier, F.; O’Connor, C.M.; et al. Heart rate: A prognostic factor and therapeutic target in chronic heart
failure. The distinct roles of drugs with heart rate-lowering properties. Eur. J. Heart Fail. 2014, 16, 76–85.
[CrossRef]

48. Bangalore, S.; Sawhney, S.; Messerli, F.H. Relation of beta-blocker-induced heart rate lowering and
cardioprotection in hypertension. J. Am. Coll. Cardiol. 2008, 52, 1482–1489. [CrossRef]

49. Olafiranye, O.; Qureshi, G.; Salciccioli, L.; Weber, M.; Lazar, J.M. Association of beta-blocker use with
increased aortic wave reflection. J. Am. Soc. Hypertens. JASH 2008, 2, 64–69. [CrossRef]

50. Manisty, C.H.; Zambanini, A.; Parker, K.H.; Davies, J.E.; Francis, D.P.; Mayet, J.; Mc, G.T.S.A.; Hughes, A.D.
Differences in the magnitude of wave reflection account for differential effects of amlodipine- versus
atenolol-based regimens on central blood pressure: An Anglo-Scandinavian Cardiac Outcome Trial substudy.
Hypertension 2009, 54, 724–730. [CrossRef] [PubMed]

51. Wilkinson, I.B.; MacCallum, H.; Flint, L.; Cockcroft, J.R.; Newby, D.E.; Webb, D.J. The influence of heart rate
on augmentation index and central arterial pressure in humans. J. Physiol. 2000, 525, 263–270. [CrossRef]

52



Nutrients 2020, 12, 1054

52. Papaioannou, T.G.; Vlachopoulos, C.V.; Alexopoulos, N.A.; Dima, I.; Pietri, P.G.; Protogerou, A.D.;
Vyssoulis, G.G.; Stefanadis, C.I. The effect of heart rate on wave reflections may be determined by the level of
aortic stiffness: Clinical and technical implications. Am. J. Hypertens. 2008, 21, 334–340. [CrossRef]

53. Pierdomenico, S.D.; Bucci, A.; Lapenna, D.; Cuccurullo, F.; Mezzetti, A. Heart rate in hypertensive patients
treated with ACE inhibitors and long-acting dihydropyridine calcium antagonists. J. Cardiovasc. Pharmacol.
2002, 40, 288–295. [CrossRef]

54. Hohneck, A.L.; Fries, P.; Stroder, J.; Schneider, G.; Wagenpfeil, S.; Schirmer, S.H.; Bohm, M.; Laufs, U.;
Custodis, F. Effects of heart rate reduction with ivabradine on vascular stiffness and endothelial function in
chronic stable coronary artery disease. J. Hypertens. 2019, 37, 1023–1031. [CrossRef]

55. Bruno, R.M.; Cartoni, G.; Stea, F.; Armenia, S.; Bianchini, E.; Buralli, S.; Giannarelli, C.; Taddei, S.; Ghiadoni, L.
Carotid and aortic stiffness in essential hypertension and their relation with target organ damage: The CATOD
study. J. Hypertens. 2017, 35, 310–318. [CrossRef]

56. Van Sloten, T.T.; Sedaghat, S.; Laurent, S.; London, G.M.; Pannier, B.; Ikram, M.A.; Kavousi, M.;
Mattace-Raso, F.; Franco, O.H.; Boutouyrie, P.; et al. Carotid stiffness is associated with incident stroke:
A systematic review and individual participant data meta-analysis. J. Am. Coll. Cardiol. 2015, 66, 2116–2125.
[CrossRef]

57. Paini, A.; Boutouyrie, P.; Calvet, D.; Tropeano, A.I.; Laloux, B.; Laurent, S. Carotid and aortic stiffness:
Determinants of discrepancies. Hypertension 2006, 47, 371–376. [CrossRef]

58. Mathersul, D.; Palmer, D.M.; Gur, R.C.; Gur, R.E.; Cooper, N.; Gordon, E.; Williams, L.M. Explicit identification
and implicit recognition of facial emotions: II. Core domains and relationships with general cognition. J. Clin.
Exp. Neuropsychol. 2009, 31, 278–291. [CrossRef]

59. Lee, J.; Fu, Z.; Chung, M.; Jang, D.J.; Lee, H.J. Role of milk and dairy intake in cognitive function in older
adults: A systematic review and meta-analysis. Nutr. J. 2018, 17, 82. [CrossRef]

60. Zajac, I.T.; Herreen, D.; Bastiaans, K.; Dhillon, V.S.; Fenech, M. The Effect of Whey and Soy Protein Isolates
on Cognitive Function in Older Australians with Low Vitamin B12: A Randomised Controlled Crossover
Trial. Nutrients 2018, 11, 19. [CrossRef]

61. Heffernan, K.S. Carotid artery stiffness and cognitive function in adults with and without type 2 diabetes:
Extracranial contribution to an intracranial problem? Atherosclerosis 2016, 253, 268–269. [CrossRef] [PubMed]

62. Rigamonti, A.E.; Leoncini, R.; Casnici, C.; Marelli, O.; Col, A.; Tamini, S.; Lucchetti, E.; Cicolini, S.; Abbruzzese, L.;
Cella, S.G.; et al. Whey Proteins Reduce Appetite, Stimulate Anorexigenic Gastrointestinal Peptides and Improve
Glucometabolic Homeostasis in Young Obese Women. Nutrients 2019, 11, 247. [CrossRef] [PubMed]

63. Stojkovic, V.; Simpson, C.A.; Sullivan, R.R.; Cusano, A.M.; Kerstetter, J.E.; Kenny, A.M.; Insogna, K.L.;
Bihuniak, J.D. The Effect of Dietary Glycemic Properties on Markers of Inflammation, Insulin Resistance, and
Body Composition in Postmenopausal American Women: An Ancillary Study from a Multicenter Protein
Supplementation Trial. Nutrients 2017, 9, 484. [CrossRef] [PubMed]

64. Tomiyama, H.; Hashimoto, H.; Tanaka, H.; Matsumoto, C.; Odaira, M.; Yamada, J.; Yoshida, M.; Shiina, K.;
Nagata, M.; Yamashina, A. Synergistic relationship between changes in the pulse wave velocity and changes
in the heart rate in middle-aged Japanese adults: A prospective study. J. Hypertens. 2010, 28, 687–694.
[CrossRef]

65. Jae, S.Y.; Heffernan, K.S.; Yoon, E.S.; Park, S.H.; Choi, Y.H.; Fernhall, B.; Park, J.B. Pulsatile stress, inflammation
and change in arterial stiffness. J. Atheroscler. Thromb. 2012, 19, 1035–1042. [CrossRef]

66. McEniery, C.M.; Wilkinson, I.B.; Johansen, N.B.; Witte, D.R.; Singh-Manoux, A.; Kivimaki, M.; Tabak, A.G.;
Brunner, E.J.; Shipley, M.J. Nondiabetic Glucometabolic Status and Progression of Aortic Stiffness:
The Whitehall II Study. Diabetes Care 2017, 40, 599–606. [CrossRef]

67. Zhu, K.; Meng, X.; Kerr, D.A.; Devine, A.; Solah, V.; Binns, C.W.; Prince, R.L. The effects of a two-year
randomized, controlled trial of whey protein supplementation on bone structure, IGF-1, and urinary calcium
excretion in older postmenopausal women. J. Bone Miner. Res. 2011, 26, 2298–2306. [CrossRef]

68. Chale, A.; Cloutier, G.J.; Hau, C.; Phillips, E.M.; Dallal, G.E.; Fielding, R.A. Efficacy of whey protein
supplementation on resistance exercise-induced changes in lean mass, muscle strength, and physical function
in mobility-limited older adults. J. Gerontol. Ser. A Biol. Sci. Med Sci. 2013, 68, 682–690. [CrossRef]

69. Sattler, F.R.; Rajicic, N.; Mulligan, K.; Yarasheski, K.E.; Koletar, S.L.; Zolopa, A.; Alston Smith, B.; Zackin, R.;
Bistrian, B. Evaluation of high-protein supplementation in weight-stable HIV-positive subjects with a history of
weight loss: A randomized, double-blind, multicenter trial. Am. J. Clin. Nutr. 2008, 88, 1313–1321. [CrossRef]

53



Nutrients 2020, 12, 1054

70. Fiatarone, M.A.; O’Neill, E.F.; Ryan, N.D.; Clements, K.M.; Solares, G.R.; Nelson, M.E.; Roberts, S.B.;
Kehayias, J.J.; Lipsitz, L.A.; Evans, W.J. Exercise training and nutritional supplementation for physical frailty
in very elderly people. N. Engl. J. Med. 1994, 330, 1769–1775. [CrossRef]

71. Altorf-van der Kuil, W.; Engberink, M.F.; Brink, E.J.; van Baak, M.A.; Bakker, S.J.; Navis, G.; van’t Veer, P.;
Geleijnse, J.M. Dietary protein and blood pressure: A systematic review. PLoS ONE 2010, 5, e12102. [CrossRef]

72. Kerstetter, J.E.; Bihuniak, J.D.; Brindisi, J.; Sullivan, R.R.; Mangano, K.M.; Larocque, S.; Kotler, B.M.;
Simpson, C.A.; Cusano, A.M.; Gaffney-Stomberg, E.; et al. The Effect of a Whey Protein Supplement on Bone
Mass in Older Caucasian Adults. J. Clin. Endocrinol. Metab. 2015, 100, 2214–2222. [CrossRef]

73. Roldan-Tapia, M.D.; Canovas, R.; Leon, I.; Garcia-Garcia, J. Cognitive Vulnerability in Aging May Be
Modulated by Education and Reserve in Healthy People. Front. Aging Neurosci. 2017, 9, 340. [CrossRef]

74. Heffernan, K.S.; Jae, S.Y.; Wilund, K.R.; Woods, J.A.; Fernhall, B. Racial differences in central blood pressure
and vascular function in young men. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H2380–H2387. [CrossRef]

75. Exner, D.V.; Dries, D.L.; Domanski, M.J.; Cohn, J.N. Lesser response to angiotensin-converting-enzyme
inhibitor therapy in black as compared with white patients with left ventricular dysfunction. N. Engl. J. Med.
2001, 344, 1351–1357. [CrossRef]

© 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/).

54



nutrients

Review

Dietary Factors and Risks of Cardiovascular Diseases:
An Umbrella Review

Kridsada Chareonrungrueangchai 1, Keerati Wongkawinwoot 1, Thunyarat Anothaisintawee 1,2,*

and Sirimon Reutrakul 3

1 Department of Family Medicine, Faculty of Medicine, Ramathibodi Hospital, Mahidol University, Praram VI
Road, Rachathevee, Bangkok 10400, Thailand; thonsmn@gmail.com (K.C.); miupang3456@gmail.com (K.W.)

2 Department of Clinical Epidemiology and Biostatistics, Ramathibodi Hospital, Mahidol University, Praram
VI Road, Rachathevee, Bangkok 10400, Thailand

3 Division of Endocrinology, Diabetes and Metabolism, University of Illinois College of Medicine at Chicago,
835 S Wolcott, Ste E625, Chicago, IL 60612, USA; sreutrak@uic.edu

* Correspondence: thunyarat.ano@mahidol.ac.th; Tel.: +662-2011406; Fax: +662-2011486

Received: 20 March 2020; Accepted: 9 April 2020; Published: 15 April 2020

Abstract: Unhealthy diet is a significant risk factor for cardiovascular diseases (CVD). Therefore, this
umbrella review aims to comprehensively review the effects of dietary factors, including dietary
patterns, food groups, and nutrients on CVD risks. Medline and Scopus databases were searched
through March 2020. Systematic reviews with meta-analyses (SRMA) of randomized controlled trials
(RCTs) or observational studies measuring the effects of dietary factors on CVD risks were eligible.
Fifty-four SRMAs, including 35 SRMAs of observational studies, 10 SRMAs of RCTs, and 9 SRMAs
of combined RCT and observational studies, were included for review. Findings from the SRMAs
of RCTs suggest the significant benefit of Mediterranean and high-quality diets for lowering CVD
risk, with pooled risk ratios (RRs) ranging from 0.55 (95%CI: 0.39–0.76) to 0.64 (95%CI: 0.53–0.79)
and 0.70 (95%CI: 0.57–0.87), respectively. For food nutrients, two SRMAs of RCTs found that high
intake of n-3 polyunsaturated fatty acid (PUFA) significantly reduced CVD risks, with pooled RRs
ranging from 0.89 (95%CI: 0.82, 0.98) to 0.90 (95%CI: 0.85–0.96), while evidence of efficacy of n-6
PUFA and combined n-3 and n-6 PUFA were inconsistent. Moreover, results from the SRMAs of
RCTs did not find a significant benefit of a low-salt diet and low total fat intake for CVD prevention.
For food groups, results from the SRMAs of cohort studies suggest that high intakes of legumes,
nuts, and chocolate, as well as a vegetarian diet significantly reduced the risk of coronary heart
disease, with pooled RRs of 0.90 (95%CI: 0.84–0.97), 0.68 (95%CI: 0.59–0.78), 0.90 (95%CI: 0.82–0.97),
and 0.71 (95%CI: 0.57–0.87), respectively. Healthy dietary patterns had a significant benefit for CVD
prevention. With the substitutional and synergistic interactions between different food groups and
nutrients, dietary recommendations for CVD prevention should be focused more on healthy dietary
patterns than single food groups or nutrients.

Keywords: dietary factor; cardiovascular disease; umbrella review

1. Introduction

Cardiovascular diseases (CVD), today’s leading causes of death, accounts for one third of all
mortality worldwide [1]. In the past decade, CVD mortalities have increased globally by 12.5% [2].
One significant risk factor of CVD is an unhealthy diet, which is also related to other CVD risk factors,
such as hypertension, diabetes mellitus (DM), and obesity [3,4]. Therefore, encouraging healthy diet
adherence is important in decreasing CVD morbidity and mortality.

CVD dietary factors is usually classified into three main types: dietary patterns (e.g., the
Mediterranean diet and the Dietary Approaches to Stop Hypertension (DASH) diet), food groups
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(e.g., fruits, vegetables, nuts, whole grains, and legumes), and food nutrients (e.g., sodium, saturated fat,
and monounsaturated fat). However, most evidence has focused on dietary fats, due to the established
relationship between serum cholesterol level and CVD risks. Previous evidence on the association
between dietary fat intake and CVD prevention is inconsistent and is still being debated. For instance,
in 2017 the American Heart Association (AHA) recommended lowering saturated fat intake and
replacing it with unsaturated fat, especially polyunsaturated fatty acids (PUFA), for CVD prevention [5].
However, some systematic reviews and meta-analyses (SRMA) of randomized controlled trials (RCT)
did not show a significant benefit of PUFA for reducing CVD risks [6,7], and the findings from an
18-country cohort study also concluded that “total fat and types of fat were not associated with CVD” [8].
Similarly, findings from SRMAs [9–12] of the effects of other dietary factors, such as vegetables, fruits,
and fibers on CVD risks were conflicting, demonstrating the complexity of the link between diets and
CVD pathogenesis.

Humans usually have dietary patterns that are a combination of multiple diets composed of
multiple nutrients that have synergistic interactions. Hence, to understand the association between
diets and CVD risk, we must consider all nutrients, food groups, and dietary patterns, as well as the
interrelationship between them. Many SRMAs measuring the effects of dietary factors and CVD risks
have been published over the past decade [6,7,9–12]. However, findings from these SRMAs are mostly
conflicting. Therefore, to comprehensively summarize the effects of dietary factors on CVD risks,
the strength, precision, and potential bias of the findings from previous SRMAs should be explored.

An umbrella review is tertiary research that provides a comprehensive overview of evidence from
SRMAs [13]. Hence, this type of review can reveal the strength and precision of the effect estimates and
explore the potential bias of previous SRMAs. Therefore, this umbrella review aims to comprehensively
review the evidence regarding the effects of nutrients, food groups, and dietary patterns on CVD
risks. The effects of each dietary factors on subtypes of CVD, including coronary heart disease (CHD),
stroke, CVD mortality, and all-cause mortality were also explored. Moreover, the potential bias and the
consistency of evidence from the previous SRMAs of RCTs and observational studies were investigated.

2. Materials and Methods

This umbrella review was conducted according to the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines [14]. The review protocol was registered in
PROSPERO (CRD42018105292).

2.1. Literature Search and Study Selection

Medline and Scopus databases were searched from their inceptions to March 2020 to identify
the relevant studies. Search terms and strategies of each database are presented in the Appendix
S1. Two reviewers (K.C. and K.W.) independently selected the studies. Disagreement between
two reviewers were decided by consensus with the third party (T.A.). Systematic reviews with
meta-analyses of observational studies or RCTs were eligible, if they met the following criteria; (1) the
study’s participants were from the general population or were people with high risks for CVD;
(2) interested interventions or exposures were dietary factors; (3) the outcomes of interest were CVD, or
all-cause mortality; and (4) the pooled risk ratios (RR) or odds ratios (OR), in accordance with their 95%
confidence intervals (CI) for dietary factors/diet interventions and outcomes, were reported. Studies
were excluded if they included only CVD patients as participants.

2.2. Data Extraction

The following information was extracted from each SRMA: (1) characteristics of eligible
SRMAs, including first authors, year of publication, country of corresponding authors, sources
of funding support, conflict of interest (COI), types of participants, interested exposures, interventions,
comparisons, outcomes, and numbers of primary studies included in SRMA; (2) results of meta-analysis,
including pooled RRs or ORs, and their 95%CIs for high versus low, as well as dose response
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meta-analyses, degree of heterogeneity, and publication bias. The data of primary studies included
in each SRMA (i.e., mean age and total numbers of study’s participants, percentage male, and study
settings) were also extracted. Two reviewers (K.C. and K.W.) extracted the data, and the data were
validated by the third reviewer (T.A.).

2.3. Methodological Quality Assessment

The methodological quality of included SRMAs were assessed using the Assessing the
Methodological Quality of Systematic Review (AMSTAR) 2. AMSTAR 2 has 16 items in total,
including reporting review questions according to Population, Intervention, Comparator, Outcome,
protocol registration, study selection, literature search, data extraction, risk of bias assessment, sources
of funding, methods of meta-analysis, using risk of bias assessment for data analysis and interpretation,
reporting of heterogeneity, publication bias, and conflict of interest. The items were classified as critical
and non-critical domains. Overall confidence in the results of the SRMA was rated as high, moderate,
low, or critically low confidence, if the SRMA answered “yes” in 0–1 items of a non-critical domain,
>1 items in a non-critical domain, 1 item in a critical flaw domain with/without a non-critical domain,
or >1 items in a critical flaw domain with/without non-critical domain, respectively.

2.4. Dietary Factors or Interventions

Dietary factors were classified as (1) dietary patterns, (2) food groups, and (3) food nutrients.
Dietary patterns referred to the combination of different foods, beverages, and nutrients, and the
frequency with which they are routinely consumed [15], such as the Mediterranean diet, the DASH
diet, a high quality diet as measured by Healthy Eating Index (HEI) or Alternate Healthy Eating Index
(AHEI) scores, or a diet with a low glycemic index. Each food group is defined as a compilation of foods
with similar nutritional properties; the food groups were divided into (1) dairy products; (2) fruits;
(3) vegetables; (4) meat; (5) grains, beans, and legumes; (6) oils; (7) confections (e.g., sugar-sweetened
beverages and chocolate); and (8) coffee. Nutrients, such as protein, fat, carbohydrates, fiber, vitamins,
and minerals, are chemical compounds that are used by human bodies to preserve health [16].

Diet interventions referred to any modification or treatment on an individual’s diet with a prepared
goal [17]. These interventions could be provided by diet supplements or education only.

2.5. Outcomes of Interest

The outcomes of interest were all-cause mortality and cardiovascular diseases. Cardiovascular
diseases were defined as cardiovascular mortality; coronary heart diseases (CHD), including acute
myocardial infarction (MI); stable and unstable angina; and cerebrovascular disease (CVA), including
hemorrhagic and ischemic strokes.

2.6. Data Analysis

Characteristics of included SRMAs were described qualitatively. The pooled effect size of each
dietary factor and interventions for each CVD outcome were summarized qualitatively. Heterogeneity
between studies and publication bias for each pooling were also presented. Pooled effect sizes of each
dietary factor are presented in forest plots, since we could not include the results from all included
studies. If there were more than one systematic review and meta-analyses that investigated the effect
size of the similar type of dietary factor, pooled risk ratios from SRMAs of RCTs with the highest
quality from AMSTAR 2 were selected to present in the forest plots. If there were no SRMAs of RCTs,
pooled risk ratios from SRMAs of observational studies with the highest quality according to AMSTAR
2 were selected to present in the forest plots instead.
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3. Results

The results of study selection and reasons for exclusion are presented in Figure 1. Fifty-four
SRMAs met the inclusion criteria and were eligible for review. Characteristics of included SRMAs are
presented in Tables S1 and S2. Almost all SRMAs (48/54) were published after the year 2010. Eighteen
SRMAs (33.33%) were conducted in European countries, followed by Asian countries (31.48%), the
United Kingdom (16.67%), and the United States (7.41%). Two, three, and one SRMAs were conducted
in East Asia, Australia and New Zealand, and South America, respectively. Six SRMAs had a COI
with food industries, forty-one SRMAs reported no COI, and four SRMAs did not state anything
about a COI. Thirty-five SRMAs (65%) included only observational studies, 10 SRMAs (19%) included
only RCTs, and nine SRMAs (17%) included both observational studies and RCTs. In addition, 15,
10, 14, and 5 SRMAs featured dietary patterns, food groups, food nutrients, and both food groups
and nutrients, respectively. Lastly, seven, two, and one SRMAs featured diet interventions in food
nutrients, dietary patterns, and both food nutrients and dietary patterns, respectively [17].

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3788 studies identified 

from Medline 

4421 studies identified 

from Scopus 

944 studies deleted because of 

duplication 

7265 studied were reviewed by titles and 
6631 studied excluded because of 

- 3401: No outcome of interest 

- 1846: Not interested interventions 

- 683: Narrative reviews 

- 6: Animal studies 

- 39: Participants age < 18 years old 

- 64: Primary articles 

- 47: Study protocols 

- 397: Clinical practice guidelines 

- 62: Opinion or commentary 
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- 56: Duplicated studies 

- 17: Secondary prevention 

634 studies were reviewed by full texts 
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- 97: No outcome of interest 

- 150: Not interested intervention 

- 192: Narrative Review 
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- 1 : Primary article 

- 2:  Clinical practice guideline 

- 10: Editorial 

- 6: Letter to editor 

- 6: Commentary 
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- 2: Duplication 

- 2: No meta-analyses 

- 34: Not English language articles 

- 1: Cannot find full paper 

54 studies eligible for review 

Figure 1. Flow chart of study selection.
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3.1. Dietary Patterns

A total of 18 SMRAs, (13 SRMAs of observational studies, two SRMAs of RCTs and observational
studies, and three SRMAs of RCTs) assessed the effects of dietary patterns and CVD risks. For SRMAs
of observational studies, dietary patterns were Mediterranean diet (eight SRMAs), DASH diet (three
SRMAs), diets with high HEI and AHEI scores (two SRMAs), HEI/AHEI and cardiovascular health
(CVH) scores (one SRMA), and Diet Inflammatory Index (DII) scores (one SRMA). For SRMAs of RCTs,
the interventions were prescribing a Mediterranean diet (one SRMA) [18] and modifying diet quality
by lowering the consumption of carbohydrates, fat, and calories, and increasing the consumption of
fish, vegetables, complex carbohydrates, and fiber (two SRMA) [17,19]. Most of the SRMAs (16/18)
considered the general population as the study’s participants, while two included only high-risk
populations (e.g., patients with obesity, hypertension, and DM). The mean age and percentage of male
participants ranged from 18 to 104 years, and 0% to 100%, respectively (see Table S1). The effects of
each dietary pattern are described in Figure 2A–D and Table S3.

 
Figure 2. Pooled risk ratios of dietary patterns and the risk of all-cause (A) and cardiovascular mortality
(B), cardiovascular disease (C), and stroke (D). Results are from systematic reviews and meta-analyses
of randomized controlled trials, except for that of the Dietary Approaches to Stop Hypertension (DASH)
diet, which is from observational studies. (CVD, cardiovascular diseases)

3.1.1. Mediterranean Diet

For all-cause mortality, two SRMAs of observational studies [20,21] found that adherence to
Mediterranean diet significantly decreased risk of all-cause mortality in the general population, with a
pooled RR ranging from 0.91 (95%CI: 0.89–0.94) to 0.92 (95%CI: 0.90–0.94). However, a finding from an
SRMA of RCTs [18] suggested a non-significant benefit of the Mediterranean diet in reducing all-cause
mortality in high-risk populations (pooled RR = 1.00; 95%CI: 0.86–1.15; see Figure 2A).
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For CVD mortality, both SRMAs of observational studies and RCTs [20,22] found a significant
benefit of the Mediterranean diet in decreasing CVD mortality in the general population, with pooled
RRs ranging from 0.59 to 0.91 (see Figure 2B), while the SRMA of RCTs [18] found no significant effect
in high-risk populations (pooled RR = 0.90; 95%CI: 0.72–1.11; see Table S3).

Four [18,22–24], three [18,22,24], and six [18,22,24–27] SRMAs reported the outcomes as CVD,
CHD, and stroke, respectively. Both the SRMAs of observational studies and RCTs found the significant
benefit of a Mediterranean diet in reducing the risk of CVD (pooled RRs ranging from 0.55 to 0.81),
CHD (pooled RRs ranging from 0.65 to 0.72), and stroke (pooled RRs ranging from 0.64 to 0.84) in both
general and high-risk populations (see Figure 2C–D).

3.1.2. DASH Diet

Three SRMAs of observational studies [28–30] assessed the effect of a DASH diet on CVD risk.
These SRMAs found that high adherence to a DASH diet significantly decreased the risk of CHD
(pooled RRs ranging from 0.79 (95%CI: 0.71–0.88) to 0.95 (95%CI: 0.94–0.97)) and stroke (pooled RRs
ranging from 0.81 (95%CI: 0.72–0.92) and 0.88 (95%CI: 0.83–0.93; see Figure 2D and Table S3).

3.1.3. Diet Quality

Diet quality was measured by HEI/AHEI (two SRMAs) [31,32], HEI/AHEI and CVH (one
SRMA) [33], and DII (one SRMA) [34] scores. The effects of diet quality on CVD risk are presented in
Table S3. High HEI/AHEI and CVH scores reflect the high quality of diet, whereas high DII scores
reveal a poor-quality diet. Participants of all SRMAs were the general population. All three SRMAs of
observational studies have consistent findings that consuming diets with high HEI/AHEI and CVH
scores significantly decreased the risk of all-cause mortality (pooled RRs ranging from 0.54 to 0.78),
CVD mortality (pooled RRs ranging from 0.30 to 0.77), and CVD (pooled RR = 0.78). However, diets
with a high DII score showed a significantly increased risk of CVD (pooled RR = 1.35; 95%CI: 1.11–1.63)
and CVD mortality (pooled RR = 1.37; 95%CI: 1.11–1.70; see Table S3).

Evidence from the SRMA of RCTs suggests that increasing high-quality diet consumption in the
high-risk population significantly decreased CVD risk [19] (pooled RR = 0.70; 95%CI: 0.57–0.87; see
Figure 2C). However, there was no significant effect of increasing high-quality diet consumption in
lowering all-cause (pooled RR = 0.97; 95%CI: 0.92–1.04) and CVD mortality (pooled RR = 0.91; 95%CI:
0.82–1.02) in the general population [17] (see Figure 2A–B).

3.2. Food Groups

A total of 14 SRMAs (10 SRMAs of observational studies and four SRMAs of both observational
studies and RCTs) assessed the effects of food groups on CVD risks. The food groups considered were
(1) fruits and vegetables; (2) nuts, whole grains, and legumes; (3) fish; (4) a vegetarian diet; (5) olive
oil; (6) chocolate; (7) coffee; and (8) green tea. Participants of all 14 SRMAs were from the general
population. Mean age, male percentage, and total number of participants ranged from 20 to 100 years,
0% to 100%, and 51 to 454,775, respectively. The effects of each food group are presented in Figure 3
and Table S3.
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Figure 3. Pooled risk ratios of food groups and risk of stroke (A), coronary heart disease
(B), cardiovascular mortality (C), and all-cause mortality(D). Results are from systematic reviews and
meta-analyses of observational studies. (CHD, coronary heart disease)

3.2.1. Fruits and Vegetables

Three SRMAs of observational studies assessed the association between fruit and vegetable
intake and CVD risks [10–12]. High fruit and vegetables intake significantly decreased the risk of
stroke (pooled RR ranging from 0.77 (95%CI: 0.71–0.84) to 0.86 (95%CI: 0.79–0.93)) [11] (Figure 3A),
but did not decrease the risk of CHD (pooled RR ranging from 0.82 (95%CI: 0.66–1.02) to 0.86 (95%CI:
0.71–1.05)) [10] (Figure 3B), and CVD mortality (pooled RRs ranging from 0.95 (95%CI: 0.89–1.02) to
0.96 (95%CI: 0.83–1.11) [12] (Figure 3C).

3.2.2. Vegetarian Diet

One SRMA of observational studies investigated the association between vegetarian diet and
CVD risks [35]. High adherence to vegetarian diet significantly lowered the CHD risk, with a pooled
RR of 0.71 and 95%CI: 0.57–0.87 (Figure 3B), but did not lower CVD mortality (pooled RR = 0.87;
95%CI: 0.68–1.11) and risk of stroke (pooled RR = 0.93; 95%CI: 0.70–1.23; see Figure 3A,C).

3.2.3. Nuts, Whole Grains, and Legumes

Two SRMAs each of observational studies assessed the effect of nuts [36,37], legumes [12,38],
and whole grains [39,40]. Both high vs. low and dose response analyses of nut intake demonstrated a
significantly beneficial effect on the risk of CHD, with pooled RRs ranging from 0.68 (95%CI: 0.59–0.78)
to 0.90 (95%CI: 0.87–0.94) [37] (Figure 3B), and stroke, with pooled RRs ranging from 0.86 (95%CI:
0.79–0.94) to 0.88 (95%CI: 0.80–0.97) [36] (Figure 3A). Both high vs. low and dose response analyses
of whole grain intake indicated a significant effect in lowering all-cause (pooled RRs ranging from
0.81 (95%CI: 0.76–0.85) to 0.87 (95%CI: 0.84–0.90)) and CVD mortality (pooled RRs ranging from 0.66
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(95%CI: 0.56–0.67) to 0.81 (95%CI: 0.74–0.89)) [39,40] (see Figure 3C,D). In addition, a high intake of
whole grain significantly decreased risk of CHD, with a pooled RR of 0.80 (95%CI: 0.70–0.91), but did
not reduce risk of stroke (pooled RR = 0.86; 95%CI: 0.61–1.21). High legume intake also significantly
reduced CVD mortality (pooled RR = 0.89; 95%CI: 0.82–0.98) [12] and CHD risk (pooled RR = 0.90;
95%CI: 0.84–0.97) [38] (see Figure 3B,C), but not risk of stroke (pooled RR = 1.01; 95%CI: 0.89–1.14) [38]
(see Figure 3A).

3.2.4. Fish

Two SRMAs of observational studies assessed the association between fish intake and CVD
risks [6,41], and found that high fish intake significantly reduced CVD mortality, with pooled RRs
ranging from 0.75 (95%CI: 0.62–0.92) to 0.82 (95%CI: 0.71, 0.94; see Figure 3C). However, the results of
CHD risk were inconsistent between the two SRMAs, as Whelton et al. [41] show a significant benefit of
high fish intake (pooled RR = 0.83; 95%CI: 0.69–0.99), while Skeaff et al.’s results [6] are non-significant
(pooled RR = 0.87; 95%CI: 0.71–1.06).

3.2.5. Olive Oil

Findings from one SRMA of observational studies and RCTs indicate that high olive oil
consumption [42] significantly decreases the risk of stroke (pooled RR = 0.76; 95%CI: 0.67–0.86;
see Figure 3A). There was no significant effect of olive oil on CHD risk (pooled RR = 0.94; 95%CI:
0.78–1.14; see Figure 3B).

3.2.6. Chocolate

Two SRMAs of observational studies investigated the association between chocolate consumption
and CVD risks [43,44]. The results demonstrate that high chocolate consumption significantly decreased
the risk of CHD (pooled RRs ranging from 0.71 (95%CI: 0.56–0.92) to 0.90 (95%CI: 0.82–0.97)), stroke
(pooled RRs ranging from 0.79 (95%CI: 0.70–0.87) to 0.84 (95%CI: 0.78–0.90)), and CVD mortality
(pooled RR = 0.55 (95%CI: 0.36–0.83; see Figure 3A–C).

3.2.7. Coffee and Green Tea

One SRMA of observational studies found that drinking one cup of coffee per day significantly
reduced all-cause and CVD mortality, with pooled RRs of 0.92 (95%CI: 0.91–0.94) and 0.89 (95%CI:
0.86–0.91), respectively [45] (see Figure 3C,D). For green tea, consuming 1–3 cups of green tea per
day significantly lowers the risk of stroke (pooled RR = 0.64 (95%CI: 0.47–0.86), while the risk of
CVD, all-cause, and CVD mortality were not significantly different between green tea intake and
non-intake [46].

3.3. Food Nutrients

Sixteen SRMAs of observational studies, seven SRMAs of RCTs, and one SRMA of combined
observational studies and RCTs investigated the effect of food nutrients on CVD risk in the general
population. Mean age, percentage male, and total number of study’s participants ranged from
20–89 years, 0–100%, and 16–388,229, respectively. Most SRMAs studied fat intake (11/24), followed by
fiber (5/20), sodium (3/20), flavonoid (3/20), potassium (1/20), and calcium intakes (1/20). Effect of each
food nutrients are presented in Figures 4 and 5, and Table S3.
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Figure 4. Pooled risk ratios of food nutrients and risk of all-cause and cardiovascular disease mortality.
Results are from systematic reviews and meta-analyses of observational studies for (A) and (C),
and systematic reviews and meta-analyses of randomized controlled trials (RCTs) for (B) and (D).

 
Figure 5. Pooled risk ratios for food nutrients and the risk of stroke and coronary heart disease.
Results are from systematic reviews and meta-analyses of observational studies for (A) and (B),
and systematic reviews and meta-analyses of RCTs for (C).
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3.3.1. Fat Intake

Fat intake was classified as (1) total fat intake, (2) saturated fatty acid (SFA), (3) MUFA, (4) n-3 PUFA,
(5) n-6 PUFA, and (6) trans fatty acid (TFA). For total fat intake, the results from SRMAs of observational
studies found that a high total fat intake did not significantly increase risk of CVD mortality (pooled
RRs ranging from 0.94 (95%CI: 0.74–1.18) to 1.04 (95%CI: 0.98–1.10)) [6,47] (Figure 4C) and CHD
(pooled RR = 0.93; 95%CI: 0.84–1.03) [6] (Figure 5B). Evidence from SRMAs of RCTs also indicated that
modification of the amount of total fat intake did not significantly decrease risk of all-cause mortality
(pooled RRs ranging from 0.98 (95%CI: 0.86–1.12) to 0.99 (95%CI: 0.94–1.05)) [48,49] (Figure 4B), CVD
mortality (pooled RRs ranging from 0.91 (95%CI: 0.77–1.07) to 1.00 (95%CI: 0.80–1.24)) [6,48,49], or CHD
(pooled RR = 0.93 (95%CI: 0.84–1.04) [6] (Figure 5C) in the general population.

Findings from two SRMAs of observational studies showed that high SFA intake was not
significantly associated with risk of CVD mortality [6,47] and CHD [6] (see Figures 4B and 5B).
However, one SRMA of observational studies found that a high SFA intake was significantly associated
with lower risk of ischemic stroke (pooled RR = 0.89; 95%CI: 0.82–0.96) [50] (see Figure 5A).

One meta-analysis of cohort studies assessed the association between high trans-fat intake and
CVD risk, and found that high trans-fat intake significantly increased the risk of CVD mortality (pooled
RR = 1.32; 95%CI: 1.08–1.61; Figure 4C) and CHD (pooled RR = 1.25; 95%CI: 1.07–1.46; Figure 5B).

Findings from one SRMA of observational studies suggest that high MUFA intake significantly
decreased the risk of all-cause mortality (pooled RR = 0.89; 95%CI: 0.83–0.96) (Figure 4A) and stroke
(pooled RR = 0.83; 95%CI: 0.71–0.97) (Figure 5A). However, the effects of MUFA on CVD mortality
were inconsistent between two SRMAs. Schwingshackl et al. show that high MUFA intake significantly
reduced the risk of CVD mortality (pooled RR = 0.88; 95%CI: 0.80–0.96) [51], while Skeaff et al. show a
non-significant effect (pooled RR = 0.85; 95%CI: 0.60–1.20) [6]. However, both SRMAs found that high
MUFA intake did not significantly reduce CHD risk (see Figure 5B).

PUFA is classified as n-3 PUFA, n-6 PUFA, and combined n-3 and n-6 PUFA. Three SRMAs of RCTs
assessed the effect of n-3 PUFA on CVD risk. Two SRMAs found that n-3 PUFA significantly lowered the
risk of CVD (pooled RR ranging from 0.89 (95%CI: 0.82-0.98) to 0.90 (95%CI: 0.85-0.96)) [6,52], while one
SRMA found a non-significant effect of n-3 PUFA (pooled RR = 0.99; 95%CI: 0.94-1.04) [53]. However,
all-cause mortality rate was not significantly different between n-3 PUFA and placebo groups [52]
(see Figure 4B). The findings about the effect of n-3 PUFA on CVD mortality were inconsistent
between these two SRMAs, as the results of Delgado-Lista et al. suggest a significant benefit (pooled
RR = 0.91; 95%CI: 0.83–0.99) [52], while results of Skeaff et al. [6] and Abdelhamid et al. [53] indicated
a non-significant effect (pooled RRs ranging from = 0.88; 95%CI: 0.76–1.01 to 0.99; 95%CI: 0.94–1.04).
In addition, the results from Abdelhamid et al. indicated that n-3 PUFA significantly decreased the risk
of CHD, but the benefit of n-3 PUFA was not seen for stroke prevention.

One meta-analysis of RCTs indicated a non-significant benefit of n-6 PUFA for the prevention
of all-cause mortality (Figure 4A), while there were inconsistent findings for the outcomes on CVD
mortality and CHD risk. One meta-analysis of RCTs found that high n-6 PUFA intake significantly
decreased the risk of CVD mortality (pooled RR = 0.81; 95%CI: 0.70–0.95) [54], while another
meta-analysis of RCT found a non-significant effect (pooled RR = 1.17; 95%CI: 0.82–1.68) [7].
Two meta-analyses of cohort studies assessing the effect of n-6 PUFA on the risk of CHD also
show conflicting results, with Farvid et al. suggesting the significant benefit of high n-6 intake for
prevention of CHD (pooled RR = 0.81; 95%CI: 0.70–0.95) [54], and Skeaff et al. demonstrating a
non-significant benefit (pooled RR = 1.05; 95%CI: 0.92–1.20) [6]. For combined n-3 and n-6 PUFA,
the results from two SRMAs of RCTs [6,7] indicate that high PUFA intake was not significantly
associated with CHD risk, all-cause, and CVD mortality.
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3.3.2. Fiber

Five SRMAs of observational studies assessed the association between fiber intake and CVD risk.
Both high vs. low and dose response analyses from all SRMAs suggest that high fiber intake significantly
reduced the risk of all-cause mortality (pooled RR = 0.85; 95%CI: 0.79–0.91), CVD mortality (pooled
RRs ranging from 0.69 (95%CI: 0.60–0.81) to 0.91 (95%CI: 0.88–0.94); Figure 4C) [12,40], stroke (pooled
RRs ranging from 0.78 (95%CI: 0.69–0.88) to 0.88 (95%CI: 0.79–0.97); Figure 5A) [9,40,55], and CHD
(pooled RRs ranging from 0.76 (95%CI: 0.69–0.83) to 0.86 (95%CI: 0.79–0.95); Figure 5B) [10,40].

3.3.3. Sodium

One SRMA of RCTs, one SRMA of cohort studies, and one SRMA of observational studies and
RCTs found that low sodium intake did not significantly reduce risk of CVD, all-cause mortality, and
CVD mortality [56,57]; however, meta-analysis of cohort studies suggested that low sodium intake
could significantly decrease the risk of stroke, with pooled RRs ranging from of 0.81 (95%CI: 0.70–0.93)
to 0.94; 95%CI: 0.90–0.98 [57,58] (see Figure 5A).

3.3.4. Flavonoid

Two SRMAs of observational studies found that the risk of CVD mortality and stroke in people
having a high flavonoid intake was significantly lower than those with a low intake, with pooled RRs
of 0.86 (95%CI: 0.75–0.98; Figure 4C) and 0.80 (95%CI: 0.65–0.98; Figure 5A) [59,60]. However, the risk
of all-cause mortality was not significantly different between the two groups [59] (see Figure 4A).

One SRMA of observational studies assessed the effect of anthocyanins, which are a subtype
of flavonoid, on CVD risk [61]. This SRMA found that a high intake of anthocyanins significantly
decreased the risk of CVD mortality and CHD, with pooled RRs of 0.92 (95%CI: 0.87–0.97) and 0.91
(95%CI: 0.83–0.99), respectively (see Table S3). However, the risk of stroke did not significantly decrease
in people with a high intake of anthocyanins.

3.3.5. Potassium

One SRMA of observational studies assessed the association between potassium intake and
CVD risk [62]. High potassium intake significantly decreased the risk of stroke (pooled RR = 0.79;
95%CI: 0.68–0.90; Figure 5A), while risk of CHD was not significantly different between high and low
potassium intake (pooled RR = 0.92; 95%CI: 0.81–1.04; Figure 5B).

3.3.6. Calcium

One meta-analysis of cohort studies assessed the effect of high calcium intake and CVD
mortality [63], and found that a high calcium intake from diet and supplements did not significantly
reduce the risk of all-cause mortality (pooled RR = 0.83; 95%CI: 0.70–1.00) or CVD mortality (pooled
RR = 0.97; 95%CI: 0.89–1.07) (see Figure 4A,C).

3.4. Methodological Quality Assessment

Results of quality assessment are presented in Table S4. Forty-eight out of 54 studies were
classified as critically low confidence, five studies were classified as low confidence, and one study was
classified as high confidence, according to AMSTAR-2 criteria. All of the studies having critically low
confidence did not registered the review protocols, and most of those studies (90%) did not provide a
list of excluded studies and reasons for exclusion. Around 50% of included studies did not consider the
results of the risk of bias assessment in individual studies when interpreted, nor discussed the results.
Most of the studies (51/54) used more than two databases for searching relevant studies, but only nine
studies searched in databases for grey literatures. Most of the studies used appropriated methods of
meta-analysis (52/54) and reported publication bias (45/54).
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4. Discussion

This umbrella review provides a comprehensive summary of evidence about the effect of dietary
factors on the risk of CVD. Evidence from RCTs and observational studies confirms the benefit of
healthy dietary patterns, especially the Mediterranean diet, for the prevention of CVD, but the benefit
for lowering all-cause and CVD mortality were inconsistent. The DASH diet also exhibited the ability
to prevent CVD, but was only supported by observational studies.

A high intake of whole grains, legumes, fish, chocolate, and drinking one cup of coffee per day
significantly decreased the risk of CVD mortality; a high intake of legumes, nuts, and chocolate, as well
as a vegetarian diet could reduce risk of CHD. In addition, high intakes of vegetables and fruits, olive
oil, and nuts, as well as dinking 1–3 cups of green tea per day significantly lowered risk of stroke.
Evidence from RCTs and observational studies found that total fat intake was not associated with
all-cause and CVD mortality, or the risk of CVD. However, high TFA intake significantly increased the
risk of CVD and CVD mortality. Evidence from RCTs indicated consistent and inconsistent benefits of
n-3 PUFA and n-6 PUFA for CVD prevention, respectively. Observational studies suggest the benefit of
SFA for lowering stroke risk, and MUFA for lowering all-cause mortality and risk of stroke. In addition,
evidence from observational studies also linked high fiber to CVD prevention and flavonoids to
lowering CVD mortality. High potassium and low sodium intake also reduced the risk of stroke.

Our results, found from both RCTs and observational studies, suggest the significant benefit of
healthy dietary patterns, especially the Mediterranean diet, for prevention of CVD. These findings
correspond with the 2019 American College of Cardiology/American Heart Association (ACC/AHA)
guidelines, which recommends healthy dietary patterns for lowering CVD [64]. Common characteristics
of healthy diet patterns include a lower intake of red and processed meats, refined carbohydrates,
sugar-sweetened beverages, and whole-fat dairy products; a higher consumption of fruits, vegetables,
whole grains, nuts, and legumes; and a moderate consumption of alcohol. These dietary patterns are not
nutrient-oriented, but rather consider a combination of multiple food groups. This approach provides
several advantages. Firstly, people eat foods, not nutrients. Therefore, providing recommendation by
dietary patterns is more practical in both public health and routine clinical practices than by nutrient
alone [65]. Secondly, single-nutrient recommendations usually fail to consider substitutional effects
and food replacement. For instance, our study found no benefit of a low-fat diet for CVD prevention,
which may have resulted from the excess intake of other high-risk foods, such as refined carbohydrates
and sugar to substitute the energy from fat [66,67]. Since the effect of foods on health depends on
both synergistic and antagonistic interactions between multiple nutrients [68], nutrient orientation in
generating dietary recommendations is not appropriate for CVD prevention.

The Mediterranean diet, among all healthy dietary patterns, has been the primary focus of previous
studies. Several SRMAs of RCTs consistently found that the Mediterranean diet significantly decreased
CVD mortality, CHD, and stroke risk. The key features of Mediterranean diet are a low intake of
meat, with very low consumption of red and processed meat; a high intake of vegetables, fruits, nuts,
legumes, cereals; and moderate intake of alcohol [69], all of which food groups had differing effects in
CVD prevention. For instance, our review found that high intake of nuts, whole grains, and legumes,
with a moderate intake of fish (2–4 servings/week) significantly decreased CVD mortality and CVD risk.
Fish contains long-chain n-3 PUFAs that have a beneficial effect on CVD outcomes. Findings from SRs
of RCTs support the hypothesis that prescribing supplement of n-3 PUFAs significantly reduces CVD
risk. In addition, a recent RCT found that icosapent ethyl significantly decreases CVD risk beyond
cholesterol-lowering therapy, and now has been approved by the U.S. Food and Drug Administration
(FDA) for CVD prevention in high-risk patients [70].

Olive oil and extra-virgin olive oil are major sources of fat in the Mediterranean diet. Bioactive
polyphenols—agents postulated to prevent CVD [71]—are only found in extra-virgin olive oil but not
in common olive oil, which could explain the lack of the link between olive oil and CHD prevention
in our review. In contrast, previous RCTs have suggested the significant benefit of extra-virgin olive
oil in Mediterranean diet [72]. Hence, recommendation of olive oil for CVD prevention should
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focus on extra-virgin olive oil rather than common olive oil. Apart from bioactive polyphenols,
the cardioprotective property of olive oil may come from its high content of MUFA [73]. However,
results from our review show inconsistent evidence of the benefits of MUFA for CVD prevention.

Evidence of dietary patterns have usually focused on western diets, such as the Mediterranean
and DASH diets. However, diets in other regions are different from those in Western countries, and it
is not practical to recommend Western dietary patterns to other regions, e.g., Asian countries. Recently,
the Japan Collaborative Cohort study that evaluated the effect of high Japanese food scores (i.e., high
of consumption of rice, miso soup, seaweeds, pickles, green and yellow vegetables, fish, and green
tea, and low consumption of beef, pork, and coffee) found that adherence to a Japanese food score
may have benefits for CVD prevention [74]. However, more evidence is needed to confirm the benefits
of Japanese food and other Asian dietary patterns on CVD prevention. Recommendations of dietary
patterns should take into account the food culture of each region.

SRMAs of cohort studies found no benefit of high vegetable and fruit intake, which is recommended
in Mediterranean and other healthy diet patterns, on CVD outcomes. However, SRMAs of observational
studies found significant benefits in high dietary fiber intake for lowering CVD mortality and CVD
risk. These conflicting results might have resulted from dietary fiber consisting of vegetables, fruits,
nuts, whole grains, and legumes. However, nuts, whole grains, and legumes consist of not only fiber,
but also of plant protein, unsaturated fats, minerals, and phytochemicals that might be attributable for
their CVD-prevention properties [75]. Evidence of CVD dietary risk factors have mainly focused on
fat, which is divided into total fat intake and subtypes of fatty acids, such as saturated fat, MUFA, and
n-3 and n-6 PUFA. Inconsistent results according to different outcomes were found for each subtype
of fat. For instance, high saturated fat intake did not significantly increase risk of CHD and CVD
mortality, but was significantly associated with lower stroke risk. Moreover, n-3 PUFA substantially
decreased CVD risk, but did not decrease all-cause and CVD mortality risk. Evidence of n-6 PUFAs
were conflicting for CVD mortality and CHD. Guidelines from ACC/AHD year 2019 recommends
replacing saturated fat with dietary MUFA and PUFA to reduce CVD risk [64]. However, this guideline
does not state clearly the type of PUFA that is beneficial for CVD prevention.

Studies regarding some food groups and nutrients, such as vegetables, fruits, a vegetarian diet,
olive oil, flavonoids, green tea, and potassium also had inconsistent findings, according to CVD
outcomes. These might have resulted from the complex relationship between dietary and other lifestyle
factors (e.g., physical activity), which might have confounded the findings of the previous studies.

Strengths and Limitations

This is the first umbrella review that comprehensively reviews the evidence of diets and CVD
outcomes. We considered the effect of all dietary patterns, food groups, and nutrients, according to
all types of CVD outcomes, including all-cause mortality, CVD mortality, CVD, CHD, and stroke.
Only systematic reviews and meta-analyses, which are in the top hierarchy of evidence, were included
in the review. The quality of systematic reviews and meta-analyses were assessed using AMSTAR 2.
However, our study has some limitations. Firstly, the quality of most included SRMAs were critically
low. Moreover, evidence of food groups and some nutrients were from SRMAs of observational studies
having more bias and confounding effects than SRMAs of RCTs. Therefore, the results from those
SRMAs should be interpreted with caution. In addition, the results from the included SRMAs were
qualitatively analyzed, and dietary effects on CVD outcomes cannot be exactly quantified.

5. Conclusions

Healthy dietary patterns, such as the Mediterranean diet, have significant beneficial effects on
CVD risk. A high intake of food groups and nutrients like nuts, whole grains, legumes, and dietary
fiber, and moderate intake of fish also acts to prevent CVD, while a high intake of trans fatty acids
significantly increased CVD risk. With the substitutional and synergistic interactions between different
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food groups and nutrients, dietary recommendations for CVD prevention should be focused more on
healthy dietary patterns than single food groups or nutrients.
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Abstract: Obesity impairs both macro- and microvascular endothelial function due to decreased
bioavailability of nitric oxide. Current evidence on the effect of low-carbohydrate (LC) diet on
endothelial function is conflicting and confounded by the provision of caloric restriction (CR).
We tested the hypothesis that LC without CR diet, but not LC with CR diet, would improve macro-
and microvascular endothelial function in women with obesity. Twenty-one healthy women with
obesity (age: 33 ± 2 years, body mass index: 33.0 ± 0.6 kg/m2; mean ± SEM) were randomly assigned
to receive either a LC diet (~10% carbohydrate calories) with CR (n = 12; 500 calorie/day deficit) or
a LC diet without CR (n = 9) and completed the 6-week diet intervention. After the intervention,
macrovascular endothelial function, measured as brachial artery flow-mediated dilation did not
change (7.3 ± 0.9% to 8.0 ± 1.1%, p = 0.7). On the other hand, following the LC diet intervention,
regardless of CR, blocking nitric oxide production decreased microvascular endothelial function,
measured by arteriolar flow-induced dilation (p ≤ 0.02 for both diets) and the magnitude was more
than baseline (p ≤ 0.04). These data suggest improved NO contributions following the intervention.
In conclusion, a 6-week LC diet, regardless of CR, may improve microvascular, but not macrovascular
endothelial function, via increasing bioavailability of nitric oxide in women with obesity.

Keywords: low-carbohydrate diet; hypocaloric; isocaloric; women health; obesity; conduit artery;
microvasculature; nitric oxide; cardiovascular risks; primary prevention

1. Introduction

Over the past decades, obesity rates are increasing in the United States with more than 1 in
3 adults having obesity [1]. Obesity is associated with several adverse health conditions including
hypertension, dyslipidemia, and hyperglycemia [2]. These metabolic abnormalities combined with
obesity triple the risks of cardiovascular disease [3], which remains the leading cause of death in the
United States [4]. The number of men and women with obesity are similar, but the prevalence of
morbid obesity (body mass index, BMI ≥ 40 kg/m2) among women is reported to be almost twice
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as high as the prevalence among men [1]. Therefore, early intervention for young and middle-aged
women is important to decrease the severity of obesity and prevent cardiovascular disease.

The critical site of arteriosclerosis development and the progression to cardiovascular disease
is endothelium [5]. Endothelium is a single layer of endothelial cells that form the most inner
layer of every blood vessel of the circulation. It synthesizes and releases several vasodilators
and vasoconstrictors and plays a key role in controlling vascular tone and maintaining vascular
homeostasis. Nitric oxide (NO) is a potent vasodilator synthesized by the endothelium. Decreases in NO
bioavailability due to endothelial dysfunction causes impaired endothelium-dependent vasodilation [6].
Assessments of endothelium-dependent vasodilation in peripheral blood vessels have been widely
used as surrogate markers of cardiovascular disease risks. The peripheral blood vessels refer to all
blood vessels external to the heart and includes the macrovasculature (4 to 25 mm in diameter) and
microvasculature (arterioles < 150 μm in diameter). The function and structure of these vasculatures are
different: The macrovasculature buffers the increases in blood flow pulsatility, preventing tissue injury,
and distributes blood to the body, whereas the microvasculature regulates vascular tone/resistance
and blood pressure. In adults with obesity, endothelium-dependent vasodilation in both macro- and
micro-vasculature are impaired [7,8].

A low-carbohydrates (LC) diet has been shown to improve glucose control in adults with
obesity [9–16]. However, the effect of LC diet on endothelial function in adults with obesity is not
clear with conflicting data, showing either no changes [9,10,12–14], increases [17], or even decreases in
endothelial function following LC diet [11,15,16]. The conflicting results may be due to the heterogeneity
in subject characteristics, LC diet interventions (e.g., % energy restriction, % carbohydrate restriction,
fat content, and dietary sources), and experimental designs (e.g., single group or randomized controlled
study). One of the potential confounders is the provision of caloric restriction (CR; 20–30% daily
energy restriction or 400–800 kcal/day deficit). For studies examining the effect of CR diet without
modifications in nutrition components, some found that CR improves both macrovascular and
microvascular endothelial function [18–20], while others showed that CR does not have beneficial
effects on macrovascular endothelial function [21–23]. In addition, many of the previous studies
examining the effect of LC diet focused on macrovascular endothelial function. The effect of LC diet on
microvascular endothelial function is lacking and may be different from macrovascular endothelial
function [14,24].

Therefore, to isolate the effect of LC diet and its effect on different vasculatures, we conducted a
randomized parallel design clinical trial in young and middle-aged women with obesity. We compared
the effect of LC diet with vs. without CR on macro- and microvascular endothelial function.
We hypothesized that LC without CR diet, but not LC with CR diet, would improve macro- and
microvascular endothelial function in this population.

2. Materials and Methods

2.1. Study Design

A prospective randomized parallel design clinical trial was conducted at the Clinical Research
Center, at the University of Illinois at Chicago. Subjects were recruited from university campuses
and local health clubs via notices posted on bulletin boards and in newsletters. Subjects were also
recruited via Craigslist. After informed consent was obtained, participants completed a screening visit
to determine qualification using physical examination, self-reported medical history, blood analysis
including metabolic panel, lipid profile, insulin, and thyroid function test, and urine pregnancy
test. Participants who met the inclusion criteria were enrolled by our research coordinator and were
randomized to either a LC with CR diet or LC without CR diet (Figure 1). Macro- and microvascular
endothelial function (primary outcomes) as well as cardiovascular risks (secondary outcomes) were
assessed before and after the 6-week diet intervention. Data analyses were completed by researchers
blinded to the participant diet assignment. Participants were instructed to continue their usual physical
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activity and received a pedometer (T5E011, Timex Group USA, Inc., Middlebury, CT, USA) to monitor
their daily walking activity during the intervention. The average of 7-day step counts was calculated
every 2 weeks. Two participants in LC without CR group did not have pedometer record.

The study was approved by the institutional review board of the University of Illinois at Chicago
and complied with the Declaration of Helsinki. Written informed consent was obtained from all
study participants.

Figure 1. Study flow chart. CR = caloric restriction; LC = low-carbohydrate.

2.2. Study Participants

Apparently healthy women aged between 18 to 50 years, not currently on a diet, and with BMI
of 29.0–39.9 kg/m2 were included in this study. Participants were excluded if they had any one of
the following: (1) Inability to give informed consent; (2) no willingness to commit to the LC diet
intervention; (3) history of cardiovascular disease or cardiovascular events, diabetes, renal or liver
diseases; (4) hypertension (systolic > 160 mmHg and diastolic > 90 mmHg) or use of a antihypertensive
drug; (5) history of head injury (past 6 months), seizure disorder, pituitary tumor or thyroid disease;
(6) history of gout; (7) glaucoma or adverse reaction to nitroglycerin, lidocaine allergy, or anemia;
(8) history of tobacco use (past 6 months), currently abusing alcohol or illicit drugs; (9) a diagnosis of
eating disorder, current use of diet pills, history of diet (past 1 month), or current use of antioxidant
supplements; (10) prior weight loss surgery (any type); (11) pregnancy (or intend to become pregnant
while participating in trial), nursing, or amenorrhea.

2.3. Low-Carbohydrate Diet Intervention

All participants received a custom made individualized 6-week LC diet (10% carbohydrate,
60–62% fat, 28–30% protein). Daily caloric intake was determined by the Mifflin equation for
women [25,26] as following: Planned daily caloric intake=Resting energy expenditure (REE)× Physical
activity factor, where REE = (10× body weight (kg)) + (6.25× body height (cm)) – (5× age (years))− 161,
and activity factor = 1.2 for sedentary (little or no exercise), 1.375 for lightly active (light exercise,
1–3 days/week), and 1.550 for moderately active (moderate exercise, 3–5 days/week). The factor
was determined based on self-reported physical activity. For CR group, participants had a caloric
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deficit by 500 calories/day less than their calculated values during the first 4 weeks, and then the
regular calculated values during the last 2 weeks of the study (Figure 1). The maintenance phase was
designed in order to prevent further changes in body weight, which may confound the measurement
of endothelial function when individuals are actively losing weight.

To ensure compliance to the diet, all participants were provided the meals for their appropriate
diet regime for the entire intervention ranging from 40–51 days until the post-intervention assessments
were completed. Meals were delivered to or picked up by participants, 3 times/week. Before the
intervention, participants met with the bionutritionist to discuss the diet design. A three-day dietary
record was used to determine their usual dietary patterns. In addition, a food preference questionnaire
was completed to help plan the diet menus. All meals were prepared by the same bionutritionist,
with moderate additions of salt, pepper, dried herbs, and spices for palatability. The major source of
protein was from animals. Participants could consume unlimited water and zero-calorie beverages,
however, with caffeinated coffee limited to 16 oz/day and diet soda and caffeinated tea limited to
20 oz/day. Participants also received daily multivitamin tablets.

Participants were asked to provide daily food diary and document any deviation from the
provided meals. Any leftover food was returned and collected from the participants to ensure accuracy
of calculating actual dietary intake. Every 2 weeks, participants met with the bionutritionist to discuss
any problems (such as nausea, dizziness, constipation, lethargy, dehydration, bad breath, and loss of
appetite) or concerns of adhering to the diet and to test their urine ketone levels. During the week 4,
caloric intake was re-calculated for LC with CR diet group and diet modifications were discussed with
participants for the final 2 weeks. Dietary intake and nutrients were analyzed using DietMaster Pro
V11 (Lifestyles Technologies, Inc., Grants Pass, OR, USA).

2.4. Randomization

The table of random numbers was created by a statistician using a computer-generated random
stratified sequence to ensure a balanced ethnic/racial composition within each group. Participants
were assigned to the intervention by a staffmember who did not know participant’s baseline profile.

2.5. Study Procedures

The following procedures were performed in the morning, after a 12-h fast with no caffeine,
alcohol, and medication use. Participants were also instructed not to exercise at least 12 h prior to
the visits.

2.5.1. Macrovascular Endothelial Function

As previously described [27], flow-mediated dilation (FMD), a measure of endothelium-dependent
vasodilation [28], was assessed non-invasively using brachial artery diameter in response to increases
in blood flow followed by a transient period of ischemia. Briefly, participants rested in a supine position
for at least 15 min, in a quiet, darken, and temperature-controlled room. Imaging of the brachial
artery was taken via a 11mHz transducer and the MicroMaxx ultrasound machine (SonoSite, Seattle,
WA, USA). The probe was placed ~5 cm above the antecubital fossa of the right arm, abducted
~80 away from the body. Blood flow velocity was determined via a continuous wave Doppler with
an insonation of 60. After a 1-min baseline imaging period, Doppler readings of peak flow were
recorded for at least 5 s. Then a blood pressure cuff placed on the forearm (distal to the antecubital
fossa and right next to the antecubital crease) was inflated to >50 mmHg above supine systolic blood
pressure for 5 min. After the cuff release, Doppler readings of peak flow were recorded for the first 10 s.
Then, brachial artery was imaged continuously to capture diameter at 30 s, 1 min, 2 min, and 3 min after
the cuff release. After 10 min following the release of the cuff, nitroglycerin (NTG)-mediated dilation,
independent of endothelial function, was measured as previously described [27]. Briefly, imaging of
the brachial artery was taken for 1 min before and for 5 min after the administration of 0.5 mg of NTG
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sublingually. Along with NTG-mediated dilation, FMD is the gold standard measure of macrovascular
endothelial function.

All images were digitally recorded and transferred to Brachial Imager (Medical Imaging, Iowa City,
IA, USA) for analyzing the brachial artery diameter. For each baseline and time point, ~75 frames
(7.5 frames per second for 10 s) were analyzed to calculate the average of the continuous diameters
over the entire cardiac cycle. Both FMD and NTG-mediated dilation were calculated as the percentage
of the maximal change after cuff release or NTG administration using the following equation:
%change = (peak diameter − baseline diameter)/(baseline diameter) × 100%. The peak flow velocity
was measured by analyzing 5 s for baseline and 10 s following the release of the cuff. Shear rate was
calculated as blood velocity divided by brachial diameter. To assess NO bioavailability, serum nitrates
and nitrites (NOx) levels, a surrogate marker of NO levels, were assessed using commercially available
kits following the manufactory guideline (Cayman Chemicals, Ann Arbor, MI, USA).

2.5.2. Microvascular Endothelial Function

As previously described [29], microvascular endothelial function was assessed using flow-induced
dilation (FID) in arterioles isolated from subcutaneous adipose tissue of participants. Briefly, participants
received subcutaneous fat biopsy with sterile techniques performed by a trained clinician. A small fat
biopsy was obtained just underneath the skin of the gluteal region. The skin was locally anesthetized
with lidocaine. A small incision (~1 cm) was made to expose the subcutaneous fat and approximately
1 mL of fat tissue was removed by sharp dissection. The incision was closed with Steristrips and
covered with a waterproof clear bandage. The fat tissue then was transferred to the HEPES solution
(pH= ~7.4 and 4 C). Due to the invasive nature of this procedure, we obtained both baseline and week
6-tissues in a total of 13 participants (LC without CR diet: n = 5 and LC with CR diet: n = 8).

Adipose arterioles were isolated from the fat tissue and cannulated with glass micropipettes
in an organ perfusion chamber. The chamber was circulated with physiological salt solution
(pH = ~7.4) using a peristaltic pump and bubbled with air (5% CO2 and 21% O2) at a temperature
of 37 ◦C. Following a 30-min pressurization at 60 cm H2O, arterial diameter was measured at
baseline, following a pre-constriction with endothelial-1 (100 to 200 pM), and during intraluminal
flow corresponding to pressure gradients of Δ10–Δ100 cm H2O (5 min each) via an inverted
microscope attached to a video monitor and a video-measuring device (model VIA-100; Boeckeler).
Vessels were discarded when the pre-constriction with endothelial-1 was less than 30% of baseline
diameter. FID at each pressure gradient was calculated as the percentage change using the following
equation: %change = (diameter measured for each pressure gradient − pre-constricted diameter
by endothelin-1)/(baseline diameter − pre-constricted diameter by endothelin-1) × 100%. At the
end of each protocol, endothelium-independent vasodilation was induced by papaverine (10−4 M).
This protocol was repeated in the presence of the endothelial NO synthase inhibitor (L-NAME, 10−4 M)
to determine the contribution of NO in FID.

2.5.3. Cardiovascular Risks

Body composition was assessed using a Hologic QDR-4500 fan-beam DXA scanner (Hologic Inc.,
Bedford, MA, USA). Also measured, were body weight, height (for calculating BMI), and waist and hip
circumferences. Venous blood samples were drawn from the arm by trained clinicians into serum tubes
and ethylenediaminetetraacetic acid-containing tubes. Fasting blood lipids, insulin, and glucose were
analyzed by Alverno Clinical Laboratories (Hammoond, IN, USA). The homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated to assess insulin resistance. Seated blood pressure was
measured after a 5-min rest using a stethoscope and a blood pressure cuff with a sphygmomanometer.
The assessment of cardiovascular risks was repeated at the end of week 4 (except 1 participant in LC
with diet and 1 in LC without diet group did not receive blood draw).
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2.6. Statistical Analysis

Data are presented as mean ± SEM or n (%). Statistical analyses were performed based on
the original diet assignment using IBM SPSS Statistics (Version 24, Chicago, IL, USA). Statistical
significance was set at α = 0.05. To examine baseline differences between groups (LC with CR diet vs.
LC without CR diet), independent t-test and χ2 were used for continuous and categorical variables,
respectively, except that between-group differences in baseline FID was examined using a two-way
(2 × 5) mixed ANOVA with a between-subject factor (LC with CR diet vs. LC without CR diet) and a
within-subject factor (pressure gradients of Δ10–Δ100 cm H2O). To examine dietary intake during the
intervention between two groups, independent t-test was used. To examine physical activity changes
between groups during the intervention, a two-way (2 × 4) mixed ANOVA was used with group as a
between subject factor (LC with CR diet vs. LC without CR diet) and time as a within subject factor
(baseline, 2 weeks, 4 weeks, and 6 weeks after the intervention). Main effect of time and group were
examined separately if no interaction was found and Bonferroni post hoc pairwise comparisons were
performed to examine physical activity between each time point in all participants.

To examine the effect of the LC diet with vs. without CR on macrovascular function and
cardiovascular risks, a two-way (2 × 2) mixed ANOVA was used with group as a between subject factor
(LC with CR diet vs. LC without CR diet) and time as a within subject factor (baseline and 6 weeks
after the intervention). For cardiovascular risks, the two-way mixed ANOVA was repeated with time
as a within subject factor (baseline and 4 weeks after the intervention). When the interaction between
the two factors was significant, then Bonferroni post hoc pairwise comparisons were performed.
Main effect of time and group were examined separately if no interaction was found.

To examine whether FID changed after the 6-week of intervention within each group (LC without
CR diet and LC with CR diet), main effect of time was examined by using a two-way (2 × 5)
repeated-measures ANOVA with two within-subject factors: (1) Timing of measurement: baseline
and 6 weeks after the intervention and (2) pressure gradients of Δ10–Δ100 cm H2O. To examine the
effect of LNAME on FID at each timepoint (baseline and 6 weeks after the intervention) within each
group, main effect of condition (presence or absence of LNAME) was examined by using a two-way
repeated-measures ANOVA with two within-subject factors: (1) Presence or absence of LNAME and
(2) pressure gradients of Δ10–Δ100 cm H2O.

3. Results

3.1. Dietary Intake and Physical Activity

A total of 21 women (age: 33 ± 2 years and BMI: 33.0 ± 0.6 Kg/m2) completed the intervention
and were included in this study (Figure 1). One participant withdrew from the study due to a death in
the family. Overall, participants enjoyed LC diet with good and normal appetite. No serious adverse
event was observed. Participants in LC without CR group reported hunger (7.9%), bloating or too
much food (3.5%), stomach problems (1.1%), no appetite (0.5%), and nausea (0.2%). In LC with CR
group, participants reported hunger (5.9%), loss of appetite or too much food (1.1%), illness or nausea
(0.9%), and stomach problems (0.2%).

Caloric intake and dietary composition were not different between groups at baseline (mean for
all participants: 2015 ± 101 kcal/day; 44.5 ± 1.4% from carbohydrate, 35.3 ± 2.2% from fat,
and 18.4 ± 1.3% from protein; p ≥ 0.4; Table 1). During the intervention, actual caloric intake
in LC without CR group was not different from the baseline value (p = 0.4) but less than the planned
value (p = 0.007; Table 1). The latter caused a lower compliance in LC without CR group vs. LC with
CR group (Table 1). However, LC without CR group still consumed more calories than LC with CR
group during the 6-week intervention (p = 0.03) and no difference was found in the percent energy
from carbohydrate, fat, and protein (p ≥ 0.1; Table 1). Positive urine ketone levels were noted in seven
out of the 21 participants at the end of week 2, eight participants at the week 4, and six participants
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at the week 6 (p ≥ 0.2 for comparing the number of participants between LC with CR diet vs. LC
without CR diet).

Compared to the baseline, physical activity, measured by steps per day, significantly increased
in all participants at the end of week 2 and week 4 (p = 0.01 for both; Table 1). At the end of week
6, although physical activity was not statistically significant compared to baseline (p = 0.1; Table 1),
five out of seven participants in LC without CR group (data missing in two participants) and eight out
of 12 participants in LC with CR group showed an increase in their daily steps ranging from 368 to
6964 steps/day.

Table 1. Dietary intake and physical activity at baseline and during the 6-week low carbohydrate diet intervention.

LC without CR Diet
(n = 9)

LC with CR Diet
(n = 12)

P
Between-Groups

Baseline dietary intake
Caloric intake, kcal/day 1993 ± 109 2032 ± 161 0.9

Carbohydrate, %kcal 45.8 ± 2.4 43.5 ± 1.7 0.4
Fat, %kcal 33.7 ± 3.4 36.6 ± 2.9 0.5

Protein, %kcal 18.3 ± 2.5 18.5 ± 1.3 0.95
Planned/provided diet

Caloric intake (6 weeks), kcal/day 2328 ± 129 1782 ± 42 <0.0005
Caloric intake (Week 1–4), kcal/day - 1616 ± 46 -
Caloric intake (Week 5–6), kcal/day - 2163 ± 57 -

Carbohydrate, %kcal 10 -
Fat, %kcal 60–62 -

Protein, %kcal 28–30 -
Actual dietary intake

Caloric intake (6 weeks), kcal/day 2090 ± 132 1724 ± 43 0.03
Caloric intake (Week 1–4), kcal/day - 1596 ± 59 -
Caloric intake (Week 5–6), kcal/day - 2054 ± 55 -

Compliance, % 89.9 ± 2.9 96.8 ± 1.7 * 0.04
Carbohydrate, %kcal 10.3 ± 0.3 10.9 ± 0.4 0.5

Fat, %kcal 60.4 ± 0.3 59.9 ± 0.3 0.3
Protein, %kcal 29.3 ± 2.8 28.7 ± 0.3 0.1
Dietary fiber, g 24.0 ± 1.7 19.4 ± 1.0 * 0.03

Folate/Folic acid, mcg 141.2 ± 10.7 122.9 ± 7.0 0.2
Vitamin C, mg 80.2 ± 4.8 78.2 ± 3.5 0.8

Sodium, mg 3292 ± 195 2924 ± 86 0.1
Potassium, mg 2184 ± 342 2101 ± 226 0.8

Physical activity-step counts 0.3
Baseline, steps/day 5924 ± 813 5587 ± 702
Week 2, steps/day 8787 ± 1002 6552 ± 797
Week 4, steps/day 8622 ± 1251 6943 ± 855
Week 6, steps/day 7887 ± 1342 6868 ± 835

Data are mean ± SEM. CR = calories restriction; LC = low carbohydrate. * p < 0.05 vs. LC without CR diet.

3.2. Participant Characteristics and Baseline Values

No baseline differences were found between LC without CR and LC with CR groups in participant
characteristics and cardiovascular risks (p ≥ 0.1; Table 2). Baseline FMD, NTG-mediated dilation,
and FID were not different between the two groups (p ≥ 0.1; Table 3 and Figure 2A,B). L-NAME did
not change baseline FID in LC without CR group (p = 0.4; Figure 2A). In LC with CR group,
L-NAME decreased overall baseline FID by 6% (p = 0.003; Figure 2B).
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Table 2. Participant characteristics and cardiovascular risks in response to the 6-week low carbohydrate
diet intervention.

LC without CR Diet
(n = 9)

LC with CR Diet
(n = 12)

Baseline Week 4 Week 6 Baseline Week 4 Week 6

Age, year 33 ± 3 32 ± 2
Race

Caucasian, n 4 (44) 5 (42)
African American, n 3 (33) 4 (33)

Hispanic, n 1 (11) 2 (17)
Asian, n 1 (11) 1 (8)

Body weight, kg b 89.1 ± 4.6 85.7 ± 5.2 * 85.6 ± 4.5 90.0 ± 3.8 86.5 ± 3.9 * 87.5 ± 4.3
BMI, kg/m2 a,b 33.5 ± 1.0 32.8 ± 1.1 32.3 ± 0.9 32.6 ± 0.8 31.2 ± 0.9 31.7 ± 0.9

Waist circumference, cm 96.1 ± 3.0 92.7 ± 3.3 92.2 ± 2.9 95.5 ± 2.7 93.6 ± 3.1 93.1 ± 3.2
Waist-to-hip ratio 0.88 ± 0.07 0.84 ± 0.05 0.84 ± 0.04 0.85 ± 0.02 0.81 ± 0.02 0.79 ± 0.03

Body fat, % b 44.5 ± 0.7 44.1 ± 1.3 43.4 ± 0.9 43.7 ± 0.9 43.9 ± 1.1 42.5 ± 1.0
SBP, mmHg 115 ± 2 113 ± 3 115 ± 4 118 ± 5 112 ± 4 112 ± 3

DBP, mmHg b 70 ± 1 68 ± 3 68 ± 2 72 ± 4 70 ± 3 67 ± 3
Total cholesterol, mg/dL 180 ± 14 194 ± 15 190 ± 14 185 ± 7 181 ± 8 182 ± 7
LDL cholesterol, mg/dL 106 ± 10 121 ± 12 117 ± 12 104 ± 7 110 ± 8 110 ± 7
HDL cholesterol, mg/dL 51 ± 4 56 ± 3 55 ± 3 60 ± 4 56 ± 3 58 ± 3
Triglycerides, mg/Dl a,b 116 ± 23 92 ± 15 85 ± 13 104 ± 21 72 ± 6 71 ± 6

Glucose, mg/dL 89 ± 3 93 ± 3 91 ± 4 93 ± 4 89 ± 4 87 ± 3
Insulin, μU/mL 13.9 ± 2.6 12.5 ± 2.4 12.3 ± 1.7 13.5 ± 2.4 10.2 ± 2.2 11.8 ± 3

HOMA-IR 3.0 ± 0.6 3.0 ± 0.6 2.8 ± 0.4 3.2 ± 0.7 2.4 ± 0.6 2.6 ± 0.7

Data are mean ± SEM or n (%). BMI = body mass index; CR = calories restriction; DBP = diastolic blood
pressure; HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment for insulin resistance;
LC = low-carbohydrate; LDL = low-density lipoprotein; SBP = systolic blood pressure; * p < 0.05 vs. baseline
(based on the post-hoc comparison test); a p < 0.05 for time effect (baseline vs. week 4) in all participants; b p < 0.05
for time effect (baseline vs. week 6) in all participants.

Table 3. Macrovascular endothelial function in response to the 6-week low carbohydrate diet intervention.

LC without CR Diet
(n = 9)

LC with CR Diet
(n = 12)

P
Group
× Time

P
Group

P
Time

Brachial Artery Baseline Week 6 Baseline Week 6

FMD, % 6.5 ± 1.1 5.9 ± 1.5 7.8 ± 1.4 9.6 ± 1.6 0.4 0.1 0.7
Baseline diameter, mm 3.05 ± 0.17 3.15 ± 0.25 3.28 ± 0.15 3.24 ± 0.12 0.4 0.5 0.7

Maximum diameter, mm 3.26 ± 0.19 3.32 ± 0.24 3.52 ± 0.14 3.56 ± 0.14 0.8 0.3 0.4
Peak flow, cm/s 105 ± 12 120 ± 12 94 ± 10 106 ± 10 0.8 0.4 0.08
Peak shear rate, 334 ± 42 373 ± 40 269 ± 27 300 ± 29 0.9 0.1 0.2

NTG-mediated dilation, % 25.8 ± 3.8 24.7 ± 1.9 24.6 ± 2.5 28.5 ± 2.3 0.9 0.99 0.4
Baseline diameter, mm 3.01 ± 0.17 3.01 ± 0.20 3.34 ± 0.14 3.26 ± 0.14 0.6 0.2 0.6

Maximum diameter, mm 3.83 ± 0.21 3.76 ± 0.21 4.11 ± 0.13 4.16 ± 0.13 0.2 0.2 0.8

Data are mean ± SEM. CR = calories restriction; FMD = flow-mediated dilation; LC = low-carbohydrate;
NTG = nitroglycerin.

3.3. Effect of LC Diet on Macro- and Micro-Vascular Endothelial Function

After 6 weeks of the intervention, FMD and NTG-mediated dilation remained unchanged
(p ≥ 0.4 for time effect; Table 3). Serum nitrate/nitrite levels did not change following the intervention
(14.2 ± 2.0 to 15.5 ± 2.9 μmol; p = 0.7 for time effect).

In response to LC without CR diet, overall FID at week 6 significantly increased by 11% vs.
baseline (p = 0.01 for the time effect). L-NAME decreased the overall FID at week 6 by 20% (Figure 2C)
and this change was higher than baseline (p = 0.04). In response to LC with CR diet, although FID did
not change (p = 0.1), L-NAME decreased overall FID at week 6 by 19% (Figure 2D) and this change
was higher than baseline (p = 0.007).
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Figure 2. Arteriolar flow-induced dilation at baseline and after the 6-week low-carbohydrate (LC) diet
intervention without caloric restriction (CR) diet (n= 5) and with CR diet (n= 8). Endothelial nitric oxide
synthase inhibitor (L-NAME) was used to determine the contribution of nitric oxide in vasodilation.

3.4. Effect of LC Diet on Cardiovascular Risks

At the end of week 4, a significant interaction was noted only in body weight (p = 0.049;
other outcomes: p ≥ 0.1). Post hoc pairwise comparisons indicated that body weight significant
decreased by 2.6 kg in LC without CR diet (p = 0.001) and 3.4 kg in LC with CR diet (p < 0.0005;
p = 0.4 for between-group comparison; Table 2). In addition, BMI and blood triglyceride levels
significantly decreased in response to the LC diet regardless of CR (p ≤ 0.009 for time effect; Table 2).
Other outcomes remained unchanged (p ≥ 0.1 for time effect; Table 2).

After 6 weeks of the intervention, body weight, BMI and % body fat significantly decreased
(p ≤ 0.004 for time effect; p ≥ 0.8 for interaction effect; Table 2). Diastolic blood pressure and blood
triglyceride levels also significantly decreased in response to the LC diet regardless of CR (p ≤ 0.04 for
time effect; p ≥ 0.5 for interaction effect; Table 2). There was a significant interaction in blood
high-density lipoprotein cholesterol levels (p = 0.03), however, with no significant post hoc pairwise
comparisons noted (p ≥ 0.08; Table 2). Other outcomes remained unchanged (p ≥ 0.06 for time effect;
p ≥ 0.2 for interaction effect; Table 2). No significant group effects were found in any outcomes (p ≥ 0.4).

4. Discussion

This randomized trial is the first study to examine whether the effect of LC diet on both macro-
and micro-vascular endothelial function is influenced by the provision of CR in young and middle-aged
women with obesity. Our major findings are: (1) Six weeks of LC diet did not change macrovascular
endothelial function, measured as brachial artery FMD, regardless of CR; and (2) LC diet without CR
increased microvascular endothelial function, measured by arteriolar FID, while following the LC diet,
regardless of CR, the magnitude of FID decreased by L-NAME was more than baseline. These findings
suggest that the effects of LC diet on macro- and micro-vascular endothelial function are different and
the latter benefits from LC diet by improving NO contribution to vasodilation. Furthermore, LC diet
decreased cardiovascular risks in women with obesity, as evident by decreases in body weight, BMI,
% body fat, diastolic blood pressure, and blood triglyceride levels after the intervention.
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Brachial artery FMD reflects the nature of conduit artery or macrovascular endothelial biology.
Following a transient period of ischemia (inflating a pressure cuff on the forearm for 5 min, and then
deflating it rapidly), blood flow as well as shear stress increase [27]. The latter is considered as a
physiological stimulus for inducing the release of NO from endothelium to vascular smooth muscle cells,
thus causing vasodilation [27]. Brachial artery FMD is also an independent predictor of cardiovascular
disease. For every 1% decrease in FMD, there is a 13% increase in the risks of future cardiovascular
events [30]. A recent meta-analysis reported that obesity is associated with a 2% decrease in FMD [7],
which may contribute to a 26% increase in cardiovascular disease risks. Therefore, brachial artery
FMD is an important therapeutic target in adults with obesity to prevent cardiovascular disease.
Previous studies have examined the effect of LC diet on FMD but their findings are either confounded
by the provision of CR [9,10,12–17] or based on a single group design [31]. We found that the 6-week
LC diet, regardless of CR, did not change FMD in women with obesity. In addition, we found that
shear stress (measured as peak shear rate), systemic NO bioavailability (measured as serum NOx
levels), and brachial artery smooth muscle function (measured as NTG-mediated dilation) remained
unchanged following the intervention. Collectively, these findings suggest that LC diet, at least
short-term (6 weeks), does not have effects on macrovascular endothelial function in young and
middle-aged women with obesity.

In agreement with our findings, previous studies demonstrated no change [9,10,12–14] or
even a decrease [11,15,16] in FMD following a LC diet in adults with obesity. On the other hand,
one study found that LC diet improved FMD [17]. The heterogeneity in subject characteristics, LC diet
interventions (e.g., % energy restriction, % carbohydrate restriction, nutrient component, and dietary
sources), and experimental designs among the published studies makes the comparisons difficult to
explain the conflicting results. One factor noted in all three studies showing the deleterious effect of LC
diet on FMD is the use of a very low carbohydrate diet combined with CR (≤30 g/day or 4–5% caloric
intake from carbohydrate + 25–30% of CR) [11,15,16]. Such modes of LC diets may cause an insufficient
intake of important micronutrients such as folate and dietary fiber [11,16], both of which have been
shown to provide protective effects on endothelial health [32–34]. In our study, fiber intake was
different between the two LC diet groups. However, we did not see significant correlations between the
changes in dietary fiber and the changes in endothelial function (data not reported). To our knowledge,
only one study demonstrated improvements in FMD following a LC diet [17]. This study included
subjects with elevated triglycerides (mean: 211 ± 58 mg/dL). In our study and other studies showing no
positive effects on FMD, subjects had lower levels of triglycerides (baseline mean: 72–151 mg/dL) [9–16].
Therefore, LC diet may have benefits on FMD only when macrovascular endothelial dysfunction is
associated with elevated triglycerides. Our study and previous studies found that LC diet decreased
blood triglycerides [9,10,14,15,17].

Microvascular endothelial function is vital for regulating peripheral vascular tone/resistance and
blood pressure. In response to shear stress, the vascular endothelium generates and releases NO,
causing vasodilation. Endothelial NO synthase is an enzyme responsible for NO production. In the
current study, we measured FID in arterioles isolated from gluteal fat tissues to assess microvascular
endothelium-dependent vasodilation. In addition, to determine the contribution of NO in FID,
we applied L-NAME, endothelial NO synthase inhibitor, to the arterioles and blocked NO production.
At baseline, we found that LNAME decreased overall FID in LC with CR group, but not in LC without
CR group. These findings suggest that FID in LC with CR group was NO dependent at baseline,
while in LC without CR group, other pathways such as hydrogen peroxide may be responsible for
the vasodilation [35]. The different vasodilatory mechanisms between the two groups at baseline
may contribute to the different FID responses following the intervention. However, regardless of CR,
we found that the 6-week LC diet improved NO contribution or bioavailability in the microcirculation.
We did not measure oxidative stress and inflammation, both of which are known as the underlying
mechanisms of reduced NO bioavailability. On the other hand, enhanced vasoconstriction, e.g.,
due to increased generation of cyclo-oxygenase (COX-1)-derived vasoconstrictor metabolites, may also
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contribute to impaired FID [36,37]. Future studies to further dissect the mechanisms by which LC diet
improves microvascular endothelial function in obesity appear warranted.

Our findings suggest that the effect of LC diet may not be the same across the arterial tree.
Consistent with this possibility, previous studies demonstrated that a 6-week LC diet (11% caloric
intake from carbohydrate) did not change macrovascular but increased microvascular endothelial
function [14]. The underlying mechanisms by which LC diet improves microvascular but not
macrovascular endothelial function remain to be determined. One possible mechanism is related to
the changes in adipose/fat biology or adipokines. Adipokines, such as adiponectin, leptin, resistin,
and tumor necrosis factor-alpha, are secreted by fat tissue. Excessive fat, or obesity, is associated with
a decrease in adiponectin and/or an increase in leptin, resistin, and tumor necrosis factor-alpha [38].
These changes in adipokines associated with obesity can lead to reduced bioavailability of NO and
endothelial dysfunction [38–40]. We isolated arterioles from the subcutaneous adipose tissue of
participants. Therefore, such type of arterioles, compared to the brachial artery, may have a direct
and immediate effect of changes in adipokine profiles. Previous studies demonstrated that LC diet
increased adiponectin [10,41] and decreased leptin [16]. Although we did not measure adipokines in
the current study, % body fat decreased following the 6-week LC diet, which may contribute to the
improvements in adipokine profiles. On the other hand, interventions longer than 6 weeks may be
required to induce adaptations in macrovascular endothelial function.

Following the 6-week LC diet, body weight and BMI decreased in all participants with no
differences between the two diet groups and that is unexpected. We defined CR diet as a caloric deficit
by 500 calories/day less than the planned caloric intake. We calculated the planned caloric intake for
each participant using the Mifflin equation, which considers individual body weight, height, age,
and physical activity levels, and has been used in different diet interventions [26,37]. The planned
caloric intake should match individual metabolic needs, be similar as their baseline caloric intake,
and not induce any body weight changes. In LC without CR group, the planned/calculated caloric
intake was higher than the baseline and actual caloric intake during the intervention. We provided
meals to study participants, asked them to complete daily food dairy (including their appetite and
any comments), and collected any leftover food from them to ensure accuracy of actual dietary
intake during the intervention. We cannot exclude the following two possibilities: (1) The baseline
caloric intake was underestimated by using a self-reported food diary, and (2) the planned caloric
intake was overestimated by using the Mifflin equation due to self-reported physical activity factor.
However, LC without CR group consumed overall calories more than LC with CR group during the
6-week intervention. Higher CR with longer intervention length may be required to induce more
changes in body weight, other cardiovascular risk factors, and endothelial function. In addition, the
maintenance phase in LC with CR diet may contribute to the non-significant differences between the
two groups. Physical activity may influence our findings. Surprisingly, in our study, physical activity,
measured as step counts per day from pedometer, increased similarly in all participants. The use of a
pedometer to monitor physical activity is feasible and user-friendly. In addition, pedometers provide
participants instant feedback and reinforcement of physical activity. However, we did not obtain
data regarding physical activity duration, intensity, and type other than walking. Future studies can
measure physical activity by using accelerometers along with physical activity logs.

Several strengths and limitations are noted in our study. We employed a randomized parallel
design to isolate the effect of LC diet from CR. We excluded subjects who had no willingness to
commit to the LC diet intervention. We provided meals with daily monitoring and regular meeting
with bionutritionist. Therefore, our study has high compliance (~90% or higher) and low dropout
(n = 1 unrelated to the study) and we were able to control dietary intake at every meal. In addition,
we did not see any serious adverse events and the most common problem reported by the participants
is hunger (6–8%), which is expected in diet interventions. Overall, the LC diet was well-tolerated.
Although we did not report the reasons and number of subjects who were screened but did not meet
inclusion/exclusion criteria, our study design and diet intervention may impact the recruitment rate,
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leading to a small and uneven sample size for each group. A block randomization can be used to ensure
equal number of subjects assigned to each diet group. We assessed both macro- and microvascular
endothelial function to provide comprehensive evidence of the vascular effects of LC diet. None of our
participants were taking oral contraceptives. Two participants in LC with CR group had a diagnosis of
polycystic ovary syndrome. When we excluded the two participants from analysis, similar results
were observed. Due to the intervention length (6 weeks), we did not control the menstrual cycle phase
between baseline and post-intervention visits. For brachial artery FMD, we were not able to measure
flow velocity and diameter simultaneously and this was a limitation of our technology. Instead of
using an in vivo measurement of microvascular function, an ex vivo model of arterioles allowed us to
dissect the mechanisms of changes in NO contributions following the LC diet, without the presence of
neurohormonal factors.

We focused on healthy young and middle-aged women with obesity. The severity of obesity is
higher in women than men. Therefore, early intervention for women with obesity is essential to prevent
the progression of obesity and the development of cardiovascular disease. Our findings may not be
generalizable to men, other age groups, and disease populations, and even healthy individuals with
normal body weight. In healthy young men whose BMI less than 30 kg/m2, a one-week LC without
CR diet (~10% caloric intake from carbohydrate) significantly decreased brachial artery FMD [31].
However, our findings still provide clinically important implications. Our LC diet was well-tolerated
and improved bioavailability of NO in microvasculature, and thus microvascular endothelial function
in women with obesity. Microvascular endothelial function drives the development of several
cardiovascular diseases including hypertension [42]. Therefore, a long-term LC diet may be beneficial
in controlling blood pressure and decreases risks for cardiovascular disease in women with obesity.

5. Conclusions

In conclusion, our findings suggest that the effect of LC diet on macro- and micro-vascular function
is not influenced by the provision of CR in young and middle-aged women with obesity. A 6-week LC
diet, regardless of CR, may improve microvascular, but not macrovascular, endothelial function via
increased bioavailability of NO. Our findings may provide clinical implications of LC diet to decrease
risks of cardiovascular disease associated with obesity.
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Abstract: There is a high prevalence of hyperhomocysteinemia that has been linked to high
cardiovascular risk in obese individuals and could be attributed to poor nutritional status of
folate and vitamin B12. We sought to examine the association between blood homocysteine (Hcy)
folate, and vitamin B12 levels and vascular dysfunction in morbidly obese adults using novel ex
vivo flow-induced dilation (FID) measurements of isolated adipose tissue arterioles. Brachial artery
flow-mediated dilation (FMD) was also measured. Subcutaneous and visceral adipose tissue biopsies
were obtained from morbidly obese individuals and non-obese controls. Resistance arterioles were
isolated in which FID, acetylcholine-induced dilation (AChID), and nitric oxide (NO) production
were measured in the absence or presence of the NO synthase inhibitor, L-NAME, Hcy, or the
superoxide dismutase mimetic, TEMPOL. Our results demonstrated that plasma Hcy concentrations
were significantly higher, while folate, vitamin B12, and NO were significantly lower in obese subjects
compared to controls. Hcy concentrations correlated positively with BMI, fat %, and insulin levels
but not with folate or vitamin B12. Brachial and arteriolar vasodilation were lower in obese subjects,
positively correlated with folate and vitamin B12, and inversely correlated with Hcy. Arteriolar NO
measurements and sensitivity to L-NAME were lower in obese subjects compared to controls. Finally,
Hcy incubation reduced arteriolar FID and NO sensitivity, an effect that was abolished by TEMPOL.
In conclusion, these data suggest that high concentrations of plasma Hcy and low concentrations
of folate and vitamin B12 could be independent predictors of vascular dysfunction in morbidly
obese individuals.

Keywords: homocysteine; folate; vitamin B12; obesity; vascular dysfunction; bariatric surgery;
nitric oxide
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1. Introduction

Obesity is a major public health concern that affects more than one-third of the population
and increases the risk of other health problems, including metabolic and cardiovascular diseases [1].
Several factors contribute to the increasing trend in obesity, including genetic predisposition and
lack of physical activity, yet the most predominant factor is excess caloric intake. Despite overeating,
obese individuals have a relatively high incidence of micronutrient deficiencies [2]. Some of these
micronutrients act as cofactors in critical biological pathways in the body, such as energy metabolism
and immune function. One of these vital biological processes that are regulated by the bioavailability
of micronutrients, namely folate and other B vitamins, is One-Carbon metabolism [3].

In the “One-Carbon metabolism”, dietary folate is converted to dihydrofolate (DHF) then to
tetrahydrofolate (THF) that, in turn, is converted to 5-methyl THF via a series of enzymatic reactions
cofactored by vitamins B6 and B12, and betaine. The final product, 5-methyl THF, donates its methyl
group to homocysteine (Hcy) to produce methionine, which is critical for the formation of the ultimate
methyl donor, S-Adenosylmethionine (SAM). The latter is metabolized to S-adenosylhomocysteine
(SAH), which could be reversibly converted to Hcy via the enzyme SAH hydrolase. The fate of Hcy
is through re-methylation to methionine via the folate-dependent pathway or transsulfuration to
cystathionine, via cystathionine β-synthase [3].

Hyperhomocysteinemia refers to increased plasma levels of Hcy and has been classified into
three categories: mild (15–30 μmol/L), moderate (30–100 μmol/L), and severe (100 μmol/L) [4]. Several
pathological conditions could cause hyperhomocysteinemia, including dysfunction of the enzymes
that are associated with homocysteine biosynthesis and metabolism such as methyl-THF reductase
and cystathionine β-synthase or deficiency in cofactors such as folate and vitamins B2, B6, and B12 [5].
Hyperhomocysteinemia is considered an established, independent risk factor for cardiovascular disease
(CVD), including atherosclerosis and coronary artery disease [6,7]. Despite this growing evidence
of the role of hyperhomocysteinemia in vascular dysfunction, its effect and the mechanistic drive
of this effect on human microvasculature are largely unexplored. In the current study, we aimed to
investigate the hypothesis that hyperhomocysteinemia is associated with microvascular dysfunction in
morbidly obese adults. Using the proposed ex vivo system in this study, we were able to explore the
differential responses to vasoactive mediators in arterioles preconditioned with hyperhomocysteinemia
compared to those isolated from subjects with normal Hcy levels. Moreover, we measured other
variables that were previously proposed to contribute to hyperhomocysteinemia such as folate, vitamin
B12, and insulin levels, as well as alcohol intake [5].

2. Methods

2.1. Human Participants

Subjects were 40 obese adults and 40 non-obese controls who underwent bariatric surgeries and
elective surgeries (non-inflamed hernias and cholecystectomies), respectively, at the University of
Illinois Medical Center. Inclusion criteria included age from 21 to 49 years old, a BMI higher than
35 kg/m2 for the obese group and less than 30 kg/m2 for the controls, and the absence of significant
chronic or inflammatory disease that may modify vascular outcomes. Excluded subjects included
those above 50 years old, postmenopausal, and pregnant women, smokers, subjects with a history of
previous bariatric surgery, and individuals with current cardiac, hepatic, or renal disease, malignancy,
or acute or chronic inflammatory conditions. Evaluating subjects for eligibility criteria took place before
the first data collection clinical visit. The study team informed the eligible subjects about the study
specifics and provided them with a written informed consent. All protocols and methods that were
used in this study followed the regulations established by the most recent revision of the Declaration of
Helsinki and were approved by the University of Illinois Institutional Review Board. During subject’s
clinical visit, blood samples and anthropometric/body composition measurements were collected, as
well as brachial artery ultrasound imaging. In addition, information about alcohol administration
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and the intake of supplements that contain folate or vitamin B12 were obtained via questionnaires.
For alcohol consumption, subjects were classified into (1) light drinkers, those who consume alcohol
less than one time/month with less than 5 drinks/time, 1–3 times/month with less than 3 drinks/time
or 1–2 times/week with less than 2 drinks/time; (2) moderate drinkers, those who consume alcohol
1–3 times/month with 3–4 drinks/time, 1–2 times/week with 2–4 drinks/time, or 3–6 times/week with
less than 2 drinks/time; and (3) heavy drinkers, those who consume alcohol at any quantity and/or
frequency that is more than moderate drinkers. On the day of bariatric surgery, adipose tissue samples,
both visceral (VAT) and subcutaneous (SAT) were provided to us by the surgeon and put in ice-cold
HEPES buffer for transfer to the laboratory for dissection and isolation of microvessels.

2.2. Physical Measurements and Body Composition

Physical characteristics including body mass, body mass index (BMI), and waist circumference
were assessed. Dual X-ray absorptiometry (DXA; iDXA, General Electric Inc., Boston, MA, USA) was
used to quantify lean, total fat, and visceral fat mass. All subjects had a single scan performed on
Lunar iDXA. Subjects were positioned on the scanner following the operator’s manual, and all women
had confirmed negative pregnancy tests before scanning.

2.3. Cardiometabolic Measurements

Biochemical measurements of lipid profile and glucose metabolism were performed in fasting
blood samples. Plasma glucose concentration was measured using a standard glucometer (LifeScan).
Insulin was measured via a highly sensitive Insulin ELISA kit, ENZ-KIT141-0001 (Enzo Life Sciences,
Inc., Farmingdale, NY, USA) following the producer’s protocol. To assess insulin resistance, we used
the homeostasis model assessment formula, HOMA-IR which is calculated by dividing the product of
fasting insulin (μU/L) and fasting glucose (nmol/L) by 22.5, as previously described [8]. Triglycerides,
total cholesterol, high-density lipoproteins (HDL), and direct low-density lipoproteins (LDL) were
measured on a Hitachi 911 analyzer using enzymatic assays from Roche Diagnostics (Indianapolis, IN,
USA) and following to the manufacturer’s specification.

2.4. Plasma Hcy, Folate, and Vitamin B12

Total plasma Hcy levels were measured using a Hcy ELISA Kit (Cell Biolabs Inc., San Diego, CA,
USA), following the manufacturer’s guidelines. Briefly, plasma samples were diluted 2X and incubated
in the Hcy conjugate coated plate for 10 min at room temperature. Then, the primary anti-Hcy antibody
was added and incubated for one hour, followed by washing steps and the addition of the secondary
antibody. Finally, the provided substrate was incubated for 30 min after which the reaction was stopped
using the provided stop solution. Absorbance was measured via iMark Microplate Reader (BioRad,
Hercules, CA, USA) using 450 nm as the primary wavelength. Plasma levels of folate and vitamin B12
were assessed via Elecsys Folate III (Roche Diagnostics; Indianapolis, IN, USA) approach that utilizes a
competitive assay principle via natural, specific folate binding protein and specific intrinsic factor for
vitamin B12, respectively.

2.5. Serum NO Measurements

Serum concentrations of nitrate and nitrite, stable NO metabolites, were measured using the
Griess reaction (Cayman Chemicals, Ann Arbor, MI) as we previously described [9]. Briefly, serum
samples were ultra-filtered through 10 KDa molecular weight cut-off filters from Millipore (Burlington,
MA, USA). In filtered samples, nitrate reductase converted nitrates into nitrites, which in turn is
converted into a dark purple azo compound when Griess reagents were supplied. Absorbance was
measured at 540 nm using iMark Microplate Reader. A nitrate standard curve was included in the
experiment and used to calculate nitrate concentrations in samples.
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2.6. Brachial Artery Flow-Mediated Dilation (FMD)

Brachial imaging was performed on Hitachi Prosound Alpha 7 (Hitachi Aloka Medical America,
Wallingford, CT, USA) using a linear probe placed about 5 cm above the antecubital fossa of the left
arm, abducted at about 90 degrees relative to the body torso. After a 1-min baseline imaging (BSL),
an inflatable blood pressure cuff was wrapped around the right mid-forearm and inflated up to 200 to
220 mmHg for 5 min. After cuff deflation, a 300-s long video sequence at three frames/second was
recorded using a video grabber for offline measurement. The imaging protocol involved acquiring at
least 60 s of BSL diameter before inflating the cuff and 300 s for the reactive hyperemia (RH) event
induced by the cuff deflation. Blood flow velocity was acquired simultaneously using pulsed wave
Doppler. Brachial Analyzer software (Medical Imaging Applications LLC, Coralville, IA, USA) was
used to analyze the brachial artery diameter (Figure 1). Percent changes in FMD were calculated as
follows [%FMD = (RH diameter in mm – BSL diameter in mm/BSL diameter in mm) × 100].

 

Figure 1. Duplex B-mode/pulsed wave Doppler (PWD) ultrasound of brachial artery flow-mediated
dilation (FMD). This figure shows a long axis scan of brachial artery with simultaneous blood velocity
profile by pulsed wave Doppler before (A) and after cuff deflation (B). For offline image analyses, a
representative section of brachial artery is selected for an automated measurement of diameter. Baseline
diameter (BSL) was averaged from a serial of recorded frames before cuff deflation and the maximum
diameter was measured after cuff deflation during reactive hyperemia (RH).

2.7. Microvascular Preparations

Adipose tissues were cleaned of excess connective tissue and carefully dissected to isolate visceral
and subcutaneous resistance arterioles. Isolated arterioles were used to measure microvascular
reactivity as we previously described [9–11]. Briefly, both SAT and VAT arterioles were cannulated
and mounted in an organ perfusion chamber where arteriolar ends were secured using 10-0 nylon
Ethilon monofilament suture. The whole setup was then placed on the stage of an inverted microscope
to which a video camera is attached. Images were displayed on a video monitor and the internal
arteriolar diameter was measured via a video measuring device (model VIA-100; Boeckeler, Madison,
WI, USA). To maintain arterioles under physiological conditions, warm physiological salt solution
(Krebs buffer) was continuously perfused inside the organ chamber. Krebs buffer consisted of the
following ingredients in mmol/L: 123 NaCl, 4.4 KCL, 20 NaHCO3, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgSO4,
and 11 glucose. The temperature of the buffer was maintained at 37 ◦C, and the pH was adjusted to
7.4. The buffer was also provided with a mixture of air that contains 21% O2, 5% CO2, and 74% N2.
The arteriolar ends were connected to physiological buffer-containing reservoirs that were used to
adjust the intraluminal pressure gradient (10–100 cmH2O) [12].
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2.8. Flow-Induced Dilation (FID) Measurements

Endothelin-1 (Peninsula, San Carlos, CA, USA) was used to pre-constrict cannulated arterioles
and those that demonstrated less than 30% constriction compared to baseline were excluded from the
study since they are mostly damaged during processing [9–11,13–15]. Internal diameters of cannulated
arterioles were measured at baseline conditions and during continuing increases of the intraluminal
pressure gradient (10–100 cmH2O), acetylcholine concentration (ACh; 10−9–10−4 M) [10], or the NO
donor, sodium nitroprusside (SNP; 10−9–10−4 M). Measurements were repeated after incubations with
the endothelial nitric oxide synthase inhibitor L-NAME (10−4 M). All treatments were applied for
30 min followed by measuring FID and acetylcholine-induced dilation (AchID). In a subset of subjects
(ten obese and ten controls), arterioles were incubated with 100 μM of Hcy for 180 min [16] with
and without L-NAME or the superoxide dismutase mimetic, 4-Hydroxy-TEMPO (TEMPOL, 10−5 M).
Maximum dilation of arterioles was assessed at the end of each experiment using the antispasmodic,
Papaverine at a concentration of 10−4 M. Arteriolar vasodilation was calculated as the percentage
change in arteriolar diameter following different treatments relative to the diameter after ET-1-induced
constriction. All the above-mentioned chemicals except endothelin-1 were acquired from Sigma
Aldrich (St. Louis, MO, USA).

2.9. Measurements of Arteriolar NO and Reactive Oxygen Species (ROS)

Nitric oxide and ROS generation in the adipose tissue-isolated arterioles were measured as we
previously described [17] using NO Detection Kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA)
and ROS green fluorescent detection reagent, 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA)
(Thermo Fisher Scientific). Flow-induced generation of nitric oxide and ROS were detected in
cannulated arterioles that were kept at 37 ◦C in Krebs solution that was supplied by a 20% O2/5% CO2

gas mixture. Vessels were maintained at an equilibration pressure of 60 cm H2O for one hour. Vessels
incubated in 10−5 mol/L ACh or 10−3 mol/L BSO served as positive controls for NO and superoxide
generation, respectively. Vessels were stained, mounted on microscopic coverslips, and imaged via
fluorescence microscopy (Eclipse TE 2000, Nikon, Japan) at wavelengths of 650/670 nm and 495/527 nm
for NO and ROS detection, respectively. All procedures for incubation, staining, and detection were
consistent among all experiments and treatment conditions. Fluorescence intensities in the developed
images were measured and expressed in arbitrary units using NIH Image J software (NIH, Bethesda,
MD, USA).

2.10. Statistical Analyses

All findings were reported as the mean ± standard error and a p value less of than 0.05 was
considered statistically significant. Fluorescent intensities were analyzed using NIH Image J software
(NIH, Bethesda, MD, USA) after correcting for background autofluorescence. Physical features,
cardiometabolic parameters, and vascular measurements were assessed using Student’s unpaired
t-test for between group comparisons. Statistically significant linear relationship between continuous
variables were tested using a bivariate Pearson Correlation. Arteriolar vasodilation was presented
as a percentage increase in diameter in response to different treatment conditions relative to the
pre-constricted state. Multivariate regression analysis was run to predict vasodilation (FID and AchID)
from other independent variables. Analyses were conducted using SPSS statistical software (version
26.0; SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Physical and Cardiometabolic Parameters

Physical characteristics, including age, gender, body weight, BMI, waist circumference, fat
percentage, and cardiometabolic risk factors including blood pressure, heart rate, lipid profile, and
glucose metabolism are displayed in Table 1. Body weight, waist circumference, BMI, and fat percentage
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were significantly higher in obese compared to non-obese subjects (p < 10−10). Moreover, heart rate,
systolic and diastolic blood pressure were higher in the obese group (p < 0.01). Although the average
fasting blood glucose and HbAlc were not statistically different between the two groups, the average
fasting plasma insulin and HOMA-IR were lower in the control group compared to obese subjects by
43% and 52%, respectively. Total cholesterol, LDL, and triglycerides did not differ between the groups;
however, the average HDL level was 30% higher (p = 0.0004) in the non-obese compared to obese
subjects. Biomarkers of inflammation namely interleukin 6 (IL6), IL8, and C-reactive protein (CRP)
were 3.2-fold, 63%, and 4.4-fold higher, respectively, in the obese subject compared to the non-obese
controls. These inflammatory biomarkers correlated negatively with vascular functions that were
measured via brachial artery FMD or arteriolar FID.

Table 1. Physical characteristics Cardiometabolic risk factors of study participants.

Variable Non-Obese Controls Obese Bariatric Patients p-Value

n 40 (18 ♂) 40 (12 ♂)
Age, y 35.4 ± 1.3 36.2 ± 1 0.339

Weight, kg 74.4 ± 1.6 142.4 ± 3.7 * <0.001
BMI, kg/m2 24.9 ± 0.5 50.6 ± 1.1 * <0.001

WC, cm 131.5 ± 4 91.5 ± 2 * <0.001
Body fat, % 32.2 ± 2.5 52.3 ± 1.0 * <0.001

Body lean, % 65.3 ± 2.4 46.5 ± 0.9 * <0.001
VAT mass, kg 0.7 ± 0.1 2.0 ± 0.2 * 0.0002

HR, bpm 74 ± 2 81 ± 1 * 0.004
SBP, mmHg 118 ± 2 132 ± 2 * <0.001
DBP, mmHg 75 ± 1 80 ± 1 * 0.013
FPG, mg/dL 92 ± 2 103 ± 5 0.112
FPI, μU/mL 8.4 ± 1.4 14.9 ± 2.8 * <0.001
HOMA-IR 1.9 ± 0.1 4.1 ± 0.4 * 0.002
HbA1c, % 5.3 ± 0.1 5.8 ± 0.2 0.148

Total chol, mg/dL 155 ± 9 165 ± 4 0.171
HDL, mg/dL 56 ± 6 43 ± 1 * <0.001
LDL, mg/dL 87 ± 7 99 ± 4 0.116
TG, mg/dL 92 ± 11 115 ± 8 0.136
IL6, pg/mL 5.2 ± 0.7 21.6 ± 3.6 * 0.001
IL8, pg/mL 3.0 ± 0.1 4.9 ± 0.4 * <0.001
CRP, mg/L 0.7 ± 0.1 3.8 ± 0.2 * <0.0001

BMI, body mass index; Chol, cholesterol; cm, centimeters; CRP, C-reactive protein; DBP, diastolic blood pressure;
FPG, fasting plasma glucose; FPI, fasting plasma insulin; HDL, high density lipoprotein; HOMA-IR, Homeostatic
model assessment for insulin resistance; HR, heart rate; IL6, interleukin 6; IL8, interleukin 8; kg, kilograms; LDL,
low density lipoprotein; n, number; SBP. Systolic blood pressure; TG, triglycerides; VAT, visceral adipose tissue; WC,
waist circumference; y, years; ♂, males; * p < 0.05.

3.2. Plasma Hcy, Folate, and Vitamin B12 and Serum NO Measurements

The average total plasma Hcy was found to be significantly higher in the obese group
(1.5 ± 0.04 μg/mL; equivalent to 11.4 ± 0.3 μmol/L) compared to the non-obese group (1.2 ± 0.03 μg/mL;
equivalent to 8.7 ± 0.2 μmol/L; p < 0.0001) (Figure 2A). Plasma Hcy correlated positively with body
weight (r = 0.41, p = 0.004), waist circumference (r = 0.43, p = 0.014), BMI (r = 0.45, p = 0.002),
and fat percentage (r = 0.41, p = 0.016), and negatively with lean percentage (r = −0.40, p = 0.017).
Interestingly, plasma Hcy correlated significantly with fasting insulin levels (r = 0.47, p = 0.001)
and when obese subjects were divided into hyperinsulinemic (>9 μU/mL) and normoinsulinemic
(<9 μU/mL) groups, the hyperinsulinemic group had a higher level of Hcy (12.9± 0.2 μmol/L) compared
to the normoinsulinemic one (8.9 ± 0.4 μmol/L, p < 0.01). The average of plasma folate was ~27% higher
in the non-obese controls compared to obese subjects (18.7 ± 0.7 ng/mL vs. 14.8 ± 0.8 ng/mL; p = 0.0004)
(Figure 2B). Plasma folate correlated negatively with body weight (r = −0.36, p < 0.0001), VAT mass
(r = −0.49, p = 0.008), and fasting plasma insulin (r = −0.21, p = 0.044). Similarly, vitamin B12 levels
were ~41% higher in the non-obese compared to obese subjects (561.8 ± 17.9 ng/L vs. 397.5 ± 26.3 ng/L;

94



Nutrients 2020, 12, 2014

p < 0.0001) (Figure 2C) and correlated negatively with body weight (r = −0.39, p < 0.0001), total fat
mass (r = −0.41, p = 0.004), fasting plasma insulin (r = −0.30, p = 0.005), and HOMA-IR (r = −0.23,
p = 0.028). Finally, serum levels of nitrates and nitrites, as a surrogate marker of NO bioavailability,
were ~32% higher in the non-obese compared to obese subjects (4.9 ± 0.6 μmol/L vs. 3.7 ± 0.4 μmol/L;
p = 0.047) (Figure 2D).

3.3. Brachial Artery FMD

Baseline arterial diameter was not statistically different between the two groups, obese (6.1 ± 0.6)
and non-obese ((5.2 ± 0.2), p = 0.619). The %FMD, calculated as described in the methods, was 1.6-fold
lower in the obese subjects compared to the non-obese controls (p = 0.017; Figure 2E). Percentage
FMD correlated positively with lean % (r = 0.71, p < 0.0001), folate (r = 0.32, p = 0.030), and vitamin
B12 (r = 0.67, p < 0.0001) and negatively with body weight (r = −0.87, p < 0.0001), BMI (r = −0.89,
p < 0.0001), total fat % (r = −0.57, p = 0.001), VAT mass (r = −0.77, p < 0.0001), Hcy (r = −0.47, p = 0.007),
and HOMA-IR (r = −0.32, p = 0.024).. Furthermore, there were significant direct correlations between
%FMD and arteriolar FID (at Δ 60, r = 0.43, p = 0.004) and AchID (at 10−5 mole/L, r = 0.51, p = 0.001)
among the subjects.

Figure 2. Plasma Hcy, folate, vitamin B12, and NO concentrations and brachial artery FMD
measurements. Plasma from obese subjects (n = 40) and non-obese controls (n = 40) were analyzed
for Hcy (A), folate (B), and vitamin B12 (C) using specific ELISA assays and for nitrates + nitrites
(NO metabolites) using the Griess chemical reaction assay (D). Percentage of brachial artery FMD was
calculated by subtracting the mean baseline diameter from the largest mean values obtained after cuff
deflation in obese subjects (n = 40) and non-obese controls (n = 40) (E). All measurements are presented
as means ± standard error (SE). * (p < 0.05) for comparing obese subjects with controls.

3.4. Arteriolar Vasoreactivity and NO and ROS Production

Figure 3 shows the response of isolated SAT arterioles to increasing the intraluminal pressure
gradient (Δ 10–Δ 100 cmH2O). Arteriolar FID was higher in the non-obese compared to obese subjects
across all pressure gradients. The maximum dilation (MD) at Δ 60 cmH2O, which corresponds to
physiological shear stress, was 60% higher in the controls (Figure 3A). Similar results were obtained in
response to Ach (Figure 3B). The reduction in FID and AchID observed in SAT arterioles in response
to endothelial nitric oxide synthase (eNOS) inhibition by L-NAME (Figure 3C,D) were of a higher
magnitude in the controls compared to obese subjects (1.8 fold higher at Δ 60 cmH2O, p < 0.0001).
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The observed low sensitivity of SAT arterioles to NO inhibition in obese subjects might indicate a
disruption in the NO-dependent vasodilation mechanism in this group. Similar patterns of differences
in the FID and AchID between obese and non-obese subjects were observed in the VAT arterioles
(Figure 4A,B). The response of VAT arterioles to NO inhibition via L-NAME was less than that seen
in SAT arterioles in both the obese (reduction in % vasodilation by 35 in SAT vs. 6 in VAT at Δ 60
cmH2O) and non-obese (reduction in % vasodilation by 12 in SAT vs. 2 in VAT at Δ 60 cmH2O) groups,
indicating lower sensitivity of VAT arterioles to NO-induced vasoreactivity (Figure 4C,D). Furthermore,
arteriolar FID and AchID were lower in the VAT compared to SAT arterioles in the non-obese (24%
lower at Δ 60 cmH2O, p < 0.01) and obese subjects (1.3 fold lower at Δ 60 cmH2O, p < 0.0001); yet,
the magnitude of reduction was much higher in the latter group across all pressure gradients and Ach
doses. Baseline FID and AchID in SAT and VAT arterioles correlated significantly with anthropometric
and cardiometabolic risk factors, as shown in Table 2 (only FID is shown). Using multivariate regression
analysis, Hcy, folate, and vitamin B12 were independent predictive factors for the FID and AchID in
both SAT and VAT arterioles. The magnitude of FID reductions following L-NAME incubation, which
reflects NO sensitivity correlated negatively with weight, waist circumference, BMI, DEXA-estimated
fat% and VAT mass, systolic blood pressure, HbA1c, fasting plasma insulin, HOMA-IR, triglycerides,
and Hcy and positively with DEXA-estimated lean%, HDL, NO, folate, and vitamin B12 (Table 3).
These correlations were more significant in SAT arterioles compared to VAT arterioles, indicating a
higher NO sensitivity in the former.

Table 2. Pearson correlations between subcutaneous (SAT) and visceral (VAT) arteriolar FID at Δ 60
and different physical and cardiometabolic variables.

SAT Arteriole FID at Δ 60 VAT Arteriole FID at Δ 60

Pearson Correlation p Value Pearson Correlation p Value

Weight −0.856 <0.0001 −0.873 <0.0001
WC −0.761 <0.0001 −0.761 <0.0001
BMI −0.916 <0.0001 −0.937 <0.0001
Fat% −0.839 <0.0001 −0.843 <0.0001

Lean% 0.833 <0.0001 0.837 <0.0001
VAT Mass −0.625 <0.0001 −0.635 <0.0001

HR −0.185 0.045 −0.187 0.043
SBP −0.357 <0.0001 −0.355 <0.0001
DBP −0.181 0.048 −0.172 0.057
FPI −0.516 <0.0001 −0.500 <0.0001

HOMA-IR −0.293 0.006 −0.289 0.006
HDL 0.350 0.004 0.373 0.002
Hcy −0.427 0.003 −0.420 0.004

Folate 0.344 0.002 0.341 0.002
VitB12 0.432 <0.0001 0.421 <0.0001

Alcohol −0.212 0.035 −0.206 0.039
FMD% 0.434 0.004 0. 349 0.017
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Table 3. Pearson correlations between No sensitivity in SAT and VAT isolated arterioles and different
physical and cardiometabolic variables.

% Reduction in FID at Δ 60 cmH2O Following L-NAME Incubation (NO Sensitivity)

SAT Arteriole VAT Arteriole

Pearson Correlation p Value Pearson Correlation p Value

Weight −0.844 <0.0001 −0.428 <0.0001
WC −0.649 <0.0001 −0.079 0.317
BMI −0.914 <0.0001 −0.264 0.007
Fat% −0.715 <0.0001 −0.173 0.126

Lean% 0.711 <0.0001 0.172 0.126
VAT Mass −0.529 0.002 −0.051 0.399

SBP −0.332 0.001 −0.220 0.021
HbA1c −0.241 0.043 −0.326 0.009

FPI −0.506 <0.0001 −0.363 0.001
HOMA-IR −0.248 0.017 −0.266 0.011

HDL 0.385 0.002 0.392 0.001
Triglycerides −0.245 0.036 −0.043 0.379

Hcy −0.437 0.003 −0.298 0.033
NO 0.273 0.047 0.100 0.273

Folate 0.496 0.001 0.210 0.100
VitB12 0.435 <0.0001 0.231 0.029

Figure 3. FID and acetylcholine-induced dilation (AchID) in SAT isolated resistance arterioles.
FID measurements in SAT arterioles isolated from obese (n = 40) and non-obese (n = 40) subjects
corresponding to increasing intraluminal pressure gradients of 10–100 cmH2O (A). AchID measurements
in SAT arterioles corresponding to increasing concentrations of Ach (10−9 to 10−4 M) (B). Absolute
reduction in FID in response to eNOS inhibition via L-NAME (10−4 M) (C). Absolute reduction in AchID
in response to eNOS inhibition via L-NAME (D). All measurements are presented as means ± standard
error (SE). * (p < 0.05) for comparing obese subjects with controls.
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Figure 4. FID and AChID in VAT isolated resistance arterioles. FID measurements in VAT arterioles
isolated from obese (n = 40) and non-obese (n = 40) subjects corresponding to increasing intraluminal
pressure gradients of 10–100 cmH2O (A). AchID measurements in VAT arterioles corresponding to
increasing concentrations of Ach (10−9 to 10−4 M) (B). Absolute reduction in FID in response to eNOS
inhibition via L-NAME (10−4 M) (C). Absolute reduction in AchID in response to eNOS inhibition
via L-NAME (D). All measurements are presented as means ± standard error (SE). * (p < 0.05) for
comparing obese subjects with controls.

Exogenous incubation with Hcy reduced arteriolar vasodilation in both SAT (Figure 5A) and
VAT (Figure 5C) arterioles. These reductions were of a higher magnitude in the controls compared to
obese subjects. At Δ 60 cm H2O, the average absolute reduction in % vasodilation was 30 in control
SAT arterioles and 6 in obese SAT arterioles. Similar patterns were obtained in VAT arterioles. These
findings could be explained by the higher baseline FID measurements in controls compared to obese
subjects. These high measurements provide a chance for a more perceptible magnitude of reduction
in the control arterioles in response to Hcy. In Hcy-preconditioned arterioles, L-NAME-mediated
FID reductions were of very low magnitude in obese and non-obese subjects in both SAT (Figure 5B)
and VAT (Figure 5D) arterioles. The observed low sensitivity of Hcy-preconditioned arterioles to NO
inhibition might indicate a disruption in the NO-dependent vasodilation mechanism in these arterioles
following incubation with Hcy. Vessels that were incubated with Hcy and TEMPOL, the superoxide
dismutase mimetic, had higher FID measurements compared to Hcy alone in both obese and control
subjects (Figure 6 A,B). For example, When TEMPOL was combined with Hcy, FID in SAT arterioles at
Δ 60 cm H2O pressure increased by 55% in controls and 36% in obese subjects compared to Hcy only.
Similarly, FID in VAT arterioles at Δ 60 cm H2O pressure increased by 74% in controls and 77% in obese
subjects. Endothelium-independent vasodilation to SNP was not different between obese and control
subjects in either SAT (Figure 7A) or VAT (Figure 7B) arterioles. Moreover, SNP-induced vasodilation
in Hcy-preconditioned arterioles was mostly preserved and showed little reductions compared to
those in unconditioned arterioles (Figure 7C,D).
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Figure 5. Effect of Hcy incubation on baseline FID and L-NAME-mediated reduction in FID. SAT (A,B)
and VAT (C,D) isolated arterioles from obese subjects (n = 10) and non-obese controls (n = 10) were
incubated in100 μM of Hcy for 180 min followed by measuring FID with and without eNOS inhibition
via L-NAME (10−4 M). Charts (A,C) present absolute reductions in FID in Hcy preconditioned arterioles
compared to corresponding unconditioned arterioles. Charts (B,D) present absolute reduction in FID
caused by L-NAME in Hcy preconditioned arterioles compared with baseline FID after Hcy incubation.
All measurements are presented as means ± standard error (SE). * (p < 0.05) for comparing obese
subjects with controls.

Figure 6. Effect of TEMPOL on restoring FID in Hcy preconditioned arterioles. Isolated arterioles
from obese subjects (n = 10) and non-obese controls (n = 10) were incubated in100 μM of Hcy and
the superoxide dismutase mimetic, TEMPOL (10−5 M) for 180 min followed by measuring the FID.
Charts (A) and (B) present the absolute increase in FID in response to combined incubation with Hcy
and TEMPOL relative to Hcy alone in SAT and VAT arterioles, respectively. All measurements are
presented as means ± standard error (SE). * (p < 0.05) for comparing obese subjects with controls.
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Figure 7. Endothelium-independent vasodilation in SAT and VAT isolated arterioles. The intraluminal
diameter of SAT (A) and VAT (B) isolated arterioles was measured in response to increasing
concentrations of SNP (10−9−10−4 M) in obese subjects (n = 40) and non-obese controls (n = 40).
The absolute difference in SNP-induced vasodilation between Hcy-preconditioned and unconditioned
SAT (C) and VAT (D) arterioles in obese subjects (n = 10) and non-obese controls (n = 10).
All measurements are presented as means ± standard error (SE).

Consistent with the FID data, arteriolar NO staining intensity (measured by ImageJ and expressed
in arbitrary units) was lower in the obese compared to non-obese subjects in both SAT (obese: 12.6 ± 1.9,
control: 30.6 ± 2.5, p < 0.0001) and VAT arterioles (obese: 9.9 ± 1.2, control: 24.7 ± 2.4, p < 0.0001)
(Figure 8A,B). As opposed to NO, ROS staining was higher in obese subjects compared to controls
in SAT (obese: 24.9 ± 2.6, control: 9.6 ± 2.5, p < 0.0001) and VAT arterioles (obese: 27.5 ± 1.0, control:
9.5 ± 3.1, p < 0.0001) (Figure 8A,C). Arteriolar NO was attenuated in response to L-NAME incubation
in controls (% reduction in SAT = 56% and VAT = 51%, p < 0.0001) and obese subjects (% reduction in
SAT = 18% and VAT = 9%, p > 0.05) (Figure 8). Similarly, Hcy incubation resulted in reductions in
NO generation in controls (% reduction in SAT= 53% and VAT = 49%, p < 0.0001) and obese subjects
(% reduction in SAT = 41% and VAT = 12%, p < 0.05) (Figure 9A,B). The L-NAME- and Hcy-mediated
reductions in arteriolar NO were of a higher magnitude in controls compared to obese subjects and in
SAT compared to VAT arterioles. This differential response could be attributed to higher baseline levels
of NO in controls and SAT arterioles and accordingly, higher NO sensitivity. ROS staining increased in
response to Hcy incubation in all participants (% increase in SAT = 104% and 43% and VAT = 137%
and 38% in controls and obese, respectively) (Figure 9A,C). This induction in ROS was abolished in
response to TEMPOL (% reduction in SAT = 45% and 56% and VAT = 39% and 50% in controls and
obese, respectively). Reductions in ROS generation in response to TEMPOL was also associated with
improvements in arteriolar NO staining (% increase in SAT = 1.2 and 1.6 folds and VAT = 1.4 and
17 folds in controls and obese, respectively) (Figure 9A,B).
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Figure 8. NO and Reactive Oxygen Species (ROS) production in isolated adipose tissue arterioles.
(A): Representative images by fluorescence microscopy of NO (red fluorescence) and ROS (green
fluorescence) generation at baseline conditions and after incubation with L-NAME in adipose tissue
arterioles collected obese subjects (n = 40) and non-obese controls (n = 40). The charts present NO (B)
and ROS (C) fluorescent signals that were measured and expressed in arbitrary units using NIH Image
J software. All measures are represented as means± SE. * (p < 0.05) for comparing L-NAME to baseline
in each group, † (p < 0.05) for comparing obese subjects with controls, and  (p < 0.05) for comparing
SAT and VAT arterioles in each treatment condition.

Table 4 summarizes folate and vitamin B12 administration in obese and non-obese subjects.
In subjects who administered supplements that contain folate or vitamin B12 before surgery, we
observed no differences in arteriolar FID compared to those who were not taking supplementation.
Moreover, the effect of L-NAME on inhibiting vasodilation in participants taking folate or vitamin
B12 supplementation followed the same patterns observed in all participants. Data about alcohol
consumption (frequency and quantity) were collected from all participants and summarized in Table 4.
Using drinking level categories modified from those of Cahalan et al. [18], participants were classified
as abstainers, light, moderate, and heavy drinkers. The criteria for this classification are shown under
the table. Alcohol consumption was found to correlate negatively with folate levels (r = −0.367,
p = 0.015), vitamin B12 concentrations (r = −0.207, p = 0.047), and SAT and VAT arteriolar FID at Δ60
cmH2O (r = −0.212, p = 0.035 and r = −0.206, p = 0.039, respectively).
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Figure 9. NO and ROS changes in response to homocysteine (Hcy) and TEMPOL. (A): Representative
images by fluorescence microscopy of NO (red fluorescence) and ROS (green fluorescence) generation
in response to Hcy and Hcy + TEMPOL treatment conditions in adipose tissue arterioles collected obese
subjects (n = 10) and non-obese controls (n = 10). The charts present NO (B) and ROS (C) fluorescent
signals that were measured and expressed in arbitrary units using NIH Image J software. All measures
are represented as means± SE. * (p < 0.05) for comparing L-NAME to baseline in each group, and †
(p < 0.05) for comparing obese subjects with controls.

Table 4. Consumption of alcohol and vitamin B12 and folate supplements.

Supplement Non-Obese Controls (n = 40) Obese Bariatric Patients (n = 40)

Folate (1 mg/d) 0 (0%) 3 (7.5%)
Vitamin B12 (250–5000 mcg/d) 0 (0%) 12 (30%)

Alcohol Non-Obese Controls (n = 40) Obese Bariatric Patients (n = 40)

Abstainers 25 (63%) 22 (55%)
Light drinkers 8 (20%) 13 (32.5%)

Moderate drinkers 7 (17%) 5 (12.5%)
Heavy drinkers 0 (0%) 0 (0%)

Light drinkers, less than one time/month with less than 5 drinks/time, 1–3 times/month with less than 3 drinks/time
or 1–2 times/week with less than 2 drinks/time. Moderate drinkers, 1–3 times/month with 3–4 drinks/time,
1–2 times/week with 2–4 drinks/time, or 3–6 times/week with less than 2 drinks/time. Heavy drinkers, any quantity,
and/or frequency that is more than moderate drinkers.

4. Discussion

The main findings of the current study are that (1) plasma levels of Hcy were higher while folate,
vitamin B12, and NO levels were lower in obese subjects compared to non-obese controls, (2) brachial
artery FMD and arteriolar FID and AchID were lower in the obese compared to the non-obese subjects
and were not affected by mild or moderate alcohol consumption or administration of vitamin B12 or
folic acid, (3) sensitivity to eNOS inhibition via L-NAME was higher in the non-obese controls especially
in the SAT-isolated arterioles, (4) exogenous Hcy incubation reduced arteriolar FID to a greater extent
in the controls compared to obese subject (5) Hcy-preconditioned arterioles lost sensitivity to eNOS
inhibition via L-NAME, and (6) endothelium-independent vasodilation was not significantly different
between obese and non-obese subjects, and was mostly preserved after incubation with Hcy.
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Hyperhomocysteinemia has been classified as mild (15–20 μmol/L), moderate (21–100 μmol/ L),
and severe (>100 μmol/L). Nevertheless, there are also expected graded increased risks for subjects
with Hcy concentrations of 10–15 μmol/L. In support of this, some epidemiological studies reported
a higher risk of developing peripheral arterial disease and cardiovascular events in subjects with
Hcy concentrations above 10 μmol/L [19–21]. In the current study, Hcy concentrations were not
severely elevated in the obese group (11.4 ± 0.3 μmol/L) and might be considered within the normal
range by some classifications. Nevertheless, Hcy levels were significantly higher in obese subjects
compared to non-obese controls (8.7 ± 0.2 μmol/L) and correlated significantly with higher body
weight, waist circumference, BMI, and fat percentage. Comparable concentrations of Hcy have been
shown by Vaya et al. [22] in morbidly obese patients (12.76 ± 5.30 μmol/L) and normal-weight subjects
(10.67 ± 2.50 μmol/L). In the latter study, obese patients had significantly higher Hcy levels than
controls. Moreover, waist circumference and abdominal obesity were independent predictors of higher
Hcy levels. Similarly, other clinical studies have reported concentrations of Hcy that ranged between 7
and 14 μmol/L in obese subjects [23–26]. Therefore, our data and results from previous studies may
indicate that obesity-related hyperhomocysteinemia lies within the mild range.

Interestingly, within obese subjects, those with insulin resistance and hyperinsulinemia were
shown to have higher levels of Hcy than obese insulin-sensitive individuals. For example, a study
by Martos et al. [26] reported blood Hcy of 7.81 ± 0.52 μmol/L in obese hyperinsulinemic subjects
versus 6.41 ± 0.17 μmol/L in obese normoinsulinemic (p = 0.002). Similar results were demonstrated by
Sanchez-Margalet et al. [23]; average Hcy levels were 12.4 ± 0.5 μmol/L in obese hyperinsulinemic
subjects versus 7.1 ± 0.7 μmol/L in obese normoinsulinemic subjects (p < 0.05). Our data are consistent
with these findings and support the association between hyperinsulinemia and hyperhomocysteinemia
in obese individuals. In the current study, we found higher Hcy concentrations in obese subjects with
insulin levels more than 10 μU/mL (12.9 ± 0.2 μmol/L) compared with obese subjects with insulin
levels less than 10 μU/mL (8.9 ± 0.4 μmol/L). Nevertheless, these correlations do not provide a clear
mechanistic understanding of the relationship between elevated levels of insulin and Hcy and it is
still unknown whether hyperhomocysteinemia is a consequence or a cause of hyperinsulinemia. Both
conditions induce oxidative stress and they also exacerbate under oxidative stress, which could create
a dangerous vicious circle.

Our results showed that plasma levels of Hcy correlate negatively with endothelial-dependent
macrovascular (brachial artery FMD) and microvascular (arteriolar FID) function. Plasma Hcy was an
independent predictor of vascular function even after accounting for other variables such as insulin,
folate, and vitamin B12. Hyperhomocysteinemia was shown to be an independent risk factor for CVD.
Several observational studies have reported positive associations between blood Hcy concentrations
and CVD such as hypertension, stroke, coronary artery disease, and peripheral artery disease [27–30].
In a seminal meta-analysis by Boushey et al. [19], 27 observational studies that measured the link
between Hcy levels in blood and CVD risk were included, and it was concluded that 5 μmol/L
increments in plasma Hcy result in 1.6 to 1.8 fold increases in CVD risk. Endothelial dysfunction
is one of the earliest signs of CVD. We have previously shown that endothelial-dependent vascular
function and NO sensitivity are impaired in morbidly obese bariatric patients [14]. In these studies,
we observed a role of vitamin D in improving endothelial-mediated FID in this category of morbidly
obese patients, which could be achieved through the antioxidative properties of vitamin D. However,
the reason behind the induction of oxidative stress in adipose tissue-isolated arterioles and whether it
could be attributed to Hcy abundance is not entirely understood.

In the current study, we detected higher baseline levels of ROS and lower NO production in
arterioles isolated from the non-obese group compared to obese subjects. Arteriolar levels of ROS
correlated positively with plasma Hcy; however, this relationship does not imply causation. Thus,
in an effort to determine the contribution of ROS production to Hcy-mediated vascular dysfunction
in the current study, we measured ROS generation and FID in adipose tissue-isolated arterioles
exogenously incubated in Hcy alone, and Hcy combined with the superoxide dismutase mimetic,
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TEMPOL. We observed significant induction in arteriolar ROS production, reduction in NO, and
impairment in the FID after Hcy incubation; these changes were inhibited by the superoxide scavenger,
TEMPOL. These findings may indicate a role of oxidative stress in mediating Hcy-induced endothelial
dysfunction. Indeed, oxidative stress could be upstream to most of the previously suggested molecular
mechanisms by which Hcy damages endothelial function. Some of these proposed mechanisms
include NO inhibition, angiotensin II receptor-1 activation, prostanoid upregulation, and endothelin-1
induction [28,29,31–33]. These mechanisms were investigated in cultured endothelial cells or animal
models of genetic- and diet-induced hyperhomocysteinemia. Thus, the current study provides some
mechanistic understanding of Hcy-mediated microvascular dysfunction utilizing human isolated
arterioles. However, further studies are required to elucidate molecular pathways involved in
Hcy-induced oxidative stress such as NADPH and xanthine oxidases that could serve as therapeutic
and preventive targets in Hcy-associated CVD.

In endothelial cells, oxidative stress and the resulting ROS are expected to interfere with NO
bioavailability. Thus, it is anticipated that the major outcome of induced oxidative stress in endothelial
cells is the interruption of NO production and, subsequently, NO-mediated vasodilation. Findings from
our study supported this statement and demonstrated an abolishment of NO sensitivity in Hcy-treated
vessels, as evidenced by a lack of any further impairment in the FID in response to L-NAME.

While endothelial-dependent FID was compromised in obese subjects and Hcy-preconditioned
arterioles, endothelial-independent vasodilation (SNP-induced) showed little changes compared
to controls and unconditioned arterioles, respectively. The response to endothelial independent
vasodilators such as SNP in obese individuals has been inconsistent among different studies at both
the micro- and macrovascular levels. For example, a study by Van Guilder et al. [34] reported
no differences in forearm blood flow between lean and obese subjects in response to intra-arterial
infusion of SNP while significant reductions in obese subjects compared to lean controls were reported
by Schinzari et al. [35] using a similar approach. A similar discrepancy has been encountered for
microvascular function. While in some studies, only endothelial-mediated vasodilation was different
between lean and obese individuals with preservation of SNP-mediated vasodilation [36,37], other
studies reported impairments in both endothelial-dependent and -independent vasodilation in obese
subjects [38]. However, these microvascular studies were conducted on cutaneous microvessels,
mainly capillaries, while in the current study we targeted adipose tissue-isolated arterioles. Regarding
hyperhomocysteinemia, a study by Fu et al. [39] has shown that in a hyperhomocysteinemic rat model,
both endothelial-dependent and -independent vasodilation of mesenteric arterioles were impaired.
Nevertheless, a study by Schlaich et al. [40] reported an intact endothelial-independent forearm blood
flow in subjects with elevated Hcy levels. Collectively, findings from the current study point to impaired
NO-mediated vasodilation as the primary pathogenesis in vascular dysfunction that accompanies
obesity and hyperhomocysteinemia. However, due to the existing inconsistency in the literature that
investigates this topic, further studies are warranted.

A possible role of nutritional deficiencies of folate and vitamin B12 in the development of
hyperhomocysteinemia has been suggested in previous studies. Randomized clinical trials have
demonstrated that oral supplementation with a combination of folic acid and vitamins B6 and B12
lowered blood levels of homocysteine [19,41–43]. Furthermore, epidemiological studies showed that
folate and vitamin B12 are major determinants of plasma homocysteine levels, and negative correlations
have been reported between hyperhomocysteinemia and low levels of folate and vitamin B12 in patients
with hypertension and coronary artery diseases [44–47]. In the current study, folate and vitamin B12
were found to be significantly lower in obese subjects compared to non-obese controls. Both vitamins
correlated positively with each other and negatively with BMI, fat percentage, and parameters of
glucose metabolism and insulin sensitivity. However, neither folate nor vitamin B12 correlated with
blood levels of homocysteine in our cohort. Previous studies that investigated this association in
the context of obesity have yielded inconsistent findings. While in some of these studies, an inverse
correlation between Hcy concentrations and blood levels of folate and vitamin B12 have been found [46],
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other studies failed to prove this relationship [23,26]. This lack of evident correlations we, and some
other studies, have encountered might indicate that blood concentration of Hcy reflects the collective
contribution of several integrative factors and not only the folate and vitamin B12 status. These
factors may include hyperinsulinemia [24], oxidative stress [48], inflammation [49], dietary habits [50],
physical activity [51], alcohol consumption [52], metabolic function [53], or undiagnosed comorbidities.

Despite the lack of significant correlation with plasma levels of Hcy, folate and vitamin B12 were
independent predictive factors of vascular reactivity and NO sensitivity in our participants. These
findings are supported by previous clinical trials that demonstrated improvements in brachial artery
FMD in response to folate or vitamin B12 supplementation in healthy people and patients with diabetes,
coronary artery diseases, peripheral arterial occlusive disease, and hypercholesterolemia [54–58].
However, the current study is the first to report these associations regardless of folate or vitamin
B12 intake. Moreover, it is the first study to investigate this association at the level of microvascular
function using a unique ex vivo, tissue-isolated microvascular FID approach.

Previous studies suggested a role of increased alcohol consumption in inducing the risk of
developing CVDs such as hypertension, stroke, coronary artery diseases, peripheral arterial diseases,
and cardiomyopathy [59]. In our current study, we did not observe correlations between alcohol
intake and systemic NO levels. However, we detected significant inverse associations between alcohol
intake and endothelial-mediated vasodilation and NO sensitivity in adipose tissue-isolated arterioles.
Moreover, alcohol inversely correlated with folate and vitamin B12 levels in plasma, which might be
another mechanism by which it contributes to impaired vascular function. This assumption is supported
by several studies showing that chronic alcohol exposure interferes with intestinal absorption, hepatic
uptake, and renal conservation of folate [60]. It has also been reported that even moderate alcohol
intake may reduce folate and vitamin B12 levels in healthy, well-nourished adults [61]. It was suggested
by some studies that alcohol induces blood Hcy concentrations via its adverse effects on folate and
vitamin B12 [52,62]; however, this assumption was rejected by other studies [63,64]. In our study, we
did not find any correlation between alcohol intake and plasma Hcy concentrations; nevertheless, both
predicted an impaired microvascular endothelial-dependent vasodilation. The relationship between
alcohol consumption and plasma Hcy should be further explored in a larger number of subjects with
more accurate quantification of alcohol intake and multivariate analysis of other possible factors that
may modify Hcy.

There are some limitations to this study. First, we had a relatively small sample size, which
carries out the risk of a type II error due to low statistical power. Second, in order to collect visceral
adipose tissues, the non-obese controls had to be candidates for electives surgeries such as hernia
and abdominal wall construction. These conditions may affect the general health of controls, and
accordingly, the controls, despite being non-obese and devoid of any chronic disease, they are not
considered healthy. Third, the obese group consisted of morbidly obese subjects who were considered
for weight loss surgery, so these findings cannot be extrapolated to individuals who are mildly or
moderately obese. Finally, one of the major limitations in our study is the unbalanced female to male
ratio (1.1:1 in controls vs. 2.3:1 in the obese group) since fewer male patients are scheduled for bariatric
surgery at our center (12.5%). Furthermore, most of the male candidates were excluded due to chronic
comorbidities that may modify vascular outcomes. Although this study was not designed to determine
gender-specific differences in the vascular response to different levels of Hcy, folate, vitamin B12,
and alcohol, future studies are required to determine the influence of gender on vascular function.
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Abstract: The bile acid receptor, TGR5, is a key regulator of glucose homeostasis, but the mechanisms
by which TGR5 signaling improves glucose regulation are incompletely defined. In particular,
TGR5 has an increasingly appreciated role in liver physiology and pathobiology; however, whether
TGR5 signaling within the liver contributes to its glucoregulatory effects is unknown. Therefore, we
investigated the role of hepatocyte TGR5 signaling on glucose regulation using a hepatocyte-specific
TGR5 knockout mouse model. Hepatocyte-specific Tgr5Hep+/+ and Tgr5Hep−/− mice were fed a
high fat diet (HFD) for 7 weeks and then orally gavaged with three doses of a highly potent,
TGR5-specific agonist, Compound 18 (10 mg/kg), or vehicle, over 72 h and underwent an oral
glucose tolerance test (OGTT) after the last dose. Herein, we report that TGR5 mRNA and protein is
present in mouse hepatocytes. Cumulative food intake, body weight, and adiposity do not differ
between Tgr5Hep+/+ and Tgr5Hep−/− mice with or without treatment with Compound 18. However,
administration of Compound 18 improves glucose tolerance in Tgr5HEP+/+ mice, but not in Tgr5Hep−/−
mice. Further, this effect occurred independent of body weight and GLP-1 secretion. Together, these
data demonstrate that TGR5 is expressed in hepatocytes, where it functions as a key regulator of
whole-body glucose homeostasis.

Keywords: hepatocyte; TGR5; glucose regulation

1. Introduction

Bile acids are amphipathic steroid molecules that activate the nuclear receptor, farnesoid X receptor
(FXR), and the transmembrane G-protein coupled receptor, TGR5, to integrate lipid, glucose, and
energy metabolism and maintain metabolic homeostasis [1–3]. Dysregulated bile acid signaling is
associated with the pathogenesis of various diseases including cholestatic liver diseases, dyslipidemia,
fatty liver diseases, and type 2 diabetes [4–7]. As such, TGR5 is a key regulator of metabolic homeostasis;
however, the mechanisms remain incompletely defined.

TGR5 is expressed in many tissues including endocrine glands, adipocytes, muscle, liver, brain,
and the gastrointestinal tract [8–12]. TGR5 signaling in many of these tissue types has been shown
to contribute to glucose regulation [3,13]. For example, in gastrointestinal enteroendocrine L cells,
TGR5 signaling promotes glucagon-like peptide-1 (GLP-1) secretion [3,14,15]. Furthermore, in mice
fed a high fat diet (HFD), TGR5 agonists have been shown to increase in GLP-1 secretion from L cells,
which was associated with an improvement in insulin sensitivity and measures of hepatic steatosis [16].
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TGR5 is also found on pancreatic beta-cells where its activation increases glucose-stimulated insulin
secretion [17]. It has also been demonstrated that TGR5 signaling increases energy expenditure
by increasing the activity of the cyclic-AMP-dependent thyroid hormone activating enzyme type 2
iodothyronine deiodinase, mitochondrial thermogenesis, and fat mass oxidation to enhance basal
metabolic rate [13,18,19]. TGR5 signaling in adipocytes promotes beiging of white adipose tissue
in mice [19] and enhances energy expenditure to improve glucose regulation [13,20]. Finally, TGR5
signaling in immune cells decreases inflammatory cytokine secretion [11,21,22], which likely decreases
systemic inflammation to improve insulin sensitivity [23].

TGR5 is also robustly expressed in the liver, but the role of hepatic TGR5 signaling in
glucose regulation remains poorly understood. Various studies have identified anti-inflammatory,
anti-apoptotic, choleretic, and proliferative effects of TGR5 signaling in nonparenchymal cell types
of the liver. Within the liver, TGR5 is highly expressed on Kupffer cells [9], sinusoidal endothelial
cells [10], and cholangiocytes [24,25]. In Kupffer cells and resident macrophages, bile acid signaling
through TGR5 activates a cAMP-dependent pathway that attenuates LPS-induced cytokine expression
and reduces the NF-kB-dependent inflammatory response, thereby dampening hepatic inflammation
and promoting tissue remodeling [9,21]. Further, activation of TGR5 on sinusoidal endothelial cells
functions to modulate liver microcirculation through increased production of nitric oxide [10,26]. This
serves to both mitigate portal hypertension and enable adaptation of hepatic blood flow to nutrient
uptake [26,27]. TGR5 activation of biliary epithelial cells results in CFTR-dependent chloride and
bicarbonate secretion into bile, which reduces bile acid protonation to protect the liver parenchyma
from bile acid toxicity [25,28–30]. Additionally, TGR5 stimulates relaxation of gallbladder smooth
muscle cells to induce gallbladder filling [31,32]. TGR5 has also been shown to induce cholangiocyte
proliferation [33] and promote barrier function by reinforcing cholangiocyte tight junctions [30].

Previous studies highlight a role for TGR5 in liver biology and pathobiology. For example, the
genetic ablation of TGR5 or the inactivation of TGR5 signaling has been shown to make mice more
susceptible of cholestatic liver injuries [30,33–35]. This is thought to be due to a role for TGR5 in
maintaining a healthy bile acid profile. Specifically, mice with homozygous deficiency of TGR5 exhibit
decreased total bile acid pool size [8,24,32], an excessively hydrophobic bile acid pool [32,36], as well as
protection from gallstone formation when fed a lithogenic diet [24]. In addition, treatment of HFD-fed
mice with a TGR5-specific agonist, INT-777, decreased liver steatosis [3,24], suggesting that TGR5
signaling in the liver attenuates triglyceride accumulation. Furthermore, HFD-fed whole body Tgr5−/−
mice are more susceptible to liver injury than littermate controls as evidenced by an elevation of serum
liver enzymes due to increased cytokine mRNA levels, more pronounced inflammatory infiltrates, and
increased liver necrosis [34,37], highlighting the hepatoprotective role of TGR5 signaling. Together,
these data demonstrate that TGR5 exerts important effects on various aspects of liver health. As the
liver is a key organ involved in whole body glucose regulation, this suggests that liver TGR5 signaling
may be a critical contributor to the overall metabolic benefits of TGR5 agonists.

Despite the growing body of literature regarding the role of TGR5 in liver health, it is unknown
if TGR5 signaling within the liver contributes to TGR5′s role in glucose regulation, largely due to a
lack of cell-type specific in vivo studies of liver TGR5 function. As the hepatocyte is the predominant
cell type in the liver, here, we tested the hypothesis that TGR5 signaling in the hepatocyte improves
glucose regulation. It is thought that TGR5 is, at most, lowly expressed on hepatocytes; however, this
has not been extensively studied. TGR5 expression has been identified in a human hepatocellular
carcinoma cell line [38], in canine hepatocytes [39], and here, in mouse hepatocytes. In this study,
we employed a highly potent and specific non-bile acid TGR5 agonist, Compound 18 [40], as well
as hepatocyte-specific TGR5 knockout mice to investigate the role of hepatocyte TGR5 on glucose
regulation. Our results demonstrate that Compound 18 enhances glucose regulation in a hepatocyte
TGR5-dependent manner.
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2. Materials and Methods

2.1. Animals and Diet

All experiments were performed in accordance with the Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Committee of Cornell University
(approved animal protocol number: 2013-0065). Study mice were individually housed and maintained
in a temperature and humidity-controlled room, with a 14:10 h light-dark cycle. Whole body TGR5
knockout mice (B6.Gpbar1 tm1(KOMP)Vlcg) (KOMP Repository, The Knockout Mouse Project; University
of California, Davis, CA, USA) were used for immunofluorescence analysis of hepatocyte TGR5
expression. Hepatocyte-specific TGR5 knockout mice were generated by crossing a TGR5 floxed
mouse line (B6.Gpbar1 < tm1.1Auw/J) [23] with hepatocyte-specific albumin-Cre mouse line (B6N.Cg-Tg
(Alb-cre)21Mgn/J). To validate this model, hepatocytes were isolated from Tgr5HEP+/+ and Tgr5HEP−/−
mice and analyzed by RT-PCR to confirm the presence of Tgr5 mRNA in Tgr5HEP+/+ mice and loss
of Tgr5 mRNA in the hepatocytes of Tgr5HEP−/− mice (Figure S1). Starting at 8 weeks of age, male
and female Tgr5HEP+/+ and Tgr5HEP−/− littermates were fed a HFD consisting of ground chow (5012
LabDiets; St. Louis, MO, USA) supplemented with 3.4% butter fat, 8.5% tallow, 13.1% soybean
oil, 3.5% mineral mix, and 1% vitamin mix (Dyets; Bethlehem, PA, USA) by weight for 7 weeks to
produce an obese, insulin resistant phenotype. Mice were matched for baseline body weight at the
start of the HFD. Food intake and body weight were measured once per week (Tgr5HEP+/+ n = 16,
8 males, 8 females; Tgr5HEP−/−; n = 12; 7 males, 5 females). In a separate cohort of mice, following
7 weeks of the HFD, mice received 3 consecutive, daily doses of either vehicle (20% Captisol w/v
with water, CyDex Pharmaceuticals) or Compound 18 (10 mg/kg/day, Eli Lilly & Company-molecular
weight = 508.62) by oral gavage. Compound 18 was formulated in 20% Captisol w/v with water, as
previously described [40]. An oral glucose tolerance test (OGTT, 2 g/kg body weight oral gavage
with dextrose), following an overnight (12 h) fast, was performed as previously described [41]. To
minimize the contribution of TGR5-stimulated GLP-1 release, the OGTT was performed 1 h after
the last dose of Compound 18 [40]. Blood glucose measurements were made using a glucometer
(One-Touch Ultra, Lifescan; Milpitas, CA, USA). Serum insulin concentrations were measured by
ELISA (Millipore; Burlington, MA, USA) and serum total GLP-1 concentrations were measured by
sandwich electrochemiluminescence immunoassay (Meso Scale Discovery; Gaithersburg, MA, USA).
Immediately following the OGTT, mice were euthanized by an overdose of pentobarbital (200 mg/kg
i.p.) and tissues were weighed and collected. The following groups were studied: Vehicle Tgr5HEP+/+

(VEH Tgr5HEP+/+; n = 9; 4 males, 5 females), Compound 18 Tgr5HEP+/+ (C18 Tgr5HEP+/+; n = 8; 4 males, 4
females), Vehicle Tgr5HEP−/− (VEH Tgr5HEP−/−; n = 9; 4 males, 5 females), and Compound 18 Tgr5HEP−/−
(C18 Tgr5HEP−/−; n = 9; 4 males, 5 females).

2.2. HOMA-IR Calculation

The HOMA-IR (homeostasis model assessment of insulin resistance) index was calculated as
(fasting serum glucose × fasting serum insulin/22.5) to assess insulin resistance [42]. Log (HOMA-IR)
was used as a surrogate index of insulin resistance, which has been validated for use in rodents, as
previously described [43].

2.3. Immunofluorescence

Liver samples from whole body TGR5 wildtype (Tgr5+/+) and knockout (Tgr5−/−) mice were used
for immunofluorescence analysis, as previously described [41]. Briefly, samples were collected, fixed
in 4% paraformaldehyde, and paraffin embedded. Sections were deparafinized in a xylene ethanol
series, placed in Tris-EDTA buffer for antigen retrieval (10 mM Tris, 1 mM EDTA, 0.05% Tween, pH =
9.0), and then blocked in 5% bovine serum albumin. Sections were immunostained for TGR5 using a
polyclonal anti-rabbit antibody (LSBio; Seattle, WA, USA; 1:500) and for albumin using a monoclonal
anti-mouse antibody (Santa Cruz Biotechnology; Dallas, TX, USA; 1:500). The antibody against TGR5
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was validated on adipose samples from whole-body TGR5 wildtype (Tgr5+/+) and knockout (Tgr5−/−)
(Figure 1). Detection of the primary antibodies was performed using Alexa Flour 488 anti-rabbit and
Alexa Fluor 633 anti-mouse secondary antibodies (1:500) (Invitrogen; Foster City, CA, USA). Nuclei
were detected using 4′,6′-diamino-2-phenyl inodole (DAPI), which was included in the mounting
solution (Invitrogen; Foster City, CA, USA). Images were captured using Nikon Eclipse E400 fluorescent
microscope with Olympus DP73 color camera (final magnification 20× for adipose and 100× for liver).

Figure 1. TGR5 is expressed in hepatocytes. Representative images of whole body TGR5 wild-type
(Tgr5+/+) and knockout (Tgr5−/−) mouse adipose and liver sections immunostained for TGR5 (green),
albumin (red), and DAPI. Scale bar = 20 um.

2.4. Statistics and Data Analysis

Data are presented as mean ± SEM. The main effect of sex was not significant so the data for
males and females were combined. All statistical analyses were performed using GraphPad Prism
8.00 for Mac (GraphPad Software, San Diego, CA, USA). Data were analyzed by two-factor ANOVA
with Bonferroni’s post-test or Student’s t-test, as indicated. Differences were considered significant at
p < 0.05.

3. Results

3.1. TGR5 Is Expressed in Hepatocytes

TGR5 is highly expressed in the liver [9,10,24,25]; however, whether TGR5 is expressed in mouse
hepatocytes has not been previously reported. Therefore, we assessed TGR5 expression in mouse
liver sections. Adipose tissue sections from a whole body TGR5 knockout mouse model were used
for antibody validation (Figure 1). As previously reported [11,44], TGR5 was highly expressed in
adipocytes. TGR5 was not detected in adipocytes from Tgr5−/− mice, confirming antibody specificity.
TGR5 expression was also detected in some, but not all, hepatocytes in Tgr5+/+, but not Tgr5−/− mice
(Figure 1). These data are the first to demonstrate that while lowly expressed, TGR5 is present in
mouse hepatocytes. Given that hepatocytes comprise the majority of the liver parenchyma and are a
key determinant of whole body glucose homeostasis, we used a hepatocyte-specific TGR5 knockout
mouse model to determine the role of hepatocyte TGR5 signaling in metabolic health.

3.2. Hepatocyte TGR5 Does Not Contribute to Regulation of Food Intake, Body Weight, or Adiposity

To assess the role of hepatocyte TGR5 on the regulation of body weight, we measured body weight
and food intake in Tgr5HEP+/+ and Tgr5HEP−/− mice over the course of 7 weeks of HFD (Figure 2A).
Similar to previous work in whole body TGR5 knockout mouse models [24,41,45], cumulative food
intake and body weight did not differ between Tgr5HEP+/+ and Tgr5HEP−/− mice (Figure 2B,C), which
allowed us to assess the body weight-independent effects of hepatocyte TGR5 signaling on glucose
regulation. In addition, final body weight and adiposity, measured after 3 consecutive daily doses of
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Compound 18 or vehicle, did not differ between genotype or treatment (Figure 2D–H). These data
demonstrate that hepatocyte TGR5 does not regulate food intake, body weight, or adiposity under
basal conditions or following stimulation by Compound 18.

Figure 2. Hepatocyte TGR5 does not contribute to regulation of food intake, body weight, or adiposity.
(A) Study design. (B) Cumulative food intake and (C) body weight over 7 weeks of high fat diet (HFD)
feeding in Tgr5HEP+/+ and Tgr5HEP−/− mice. n = 12–16. (D) Body weight at the time of euthanasia;
(E) total white adipose tissue (WAT) weight; (F) subcutaneous (SC) and perigonadal (PG); (G) mesenteric
(MES) and retroperitoneal (RP) adipose tissue weights; (H) brown adipose tissue (BAT) weights; and
(I) gallbladder weight in Tgr5HEP+/+ and Tgr5HEP−/− mice treated with Compound 18 (C18) or vehicle
(VEH). n = 6–9. * p < 0.05 compared with VEH Tgr5HEP+/+; ++ p < 0.01 compared with VEH Tgr5HEP−/−
by two-factor ANOVA.

TGR5 is highly enriched in the biliary tract [24,25] and its absence has been shown to slow bile
flow and reduce gallbladder volume [31,32]. Consistent with this, Compound 18 and other synthetic
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TGR5 agonists have been reported to increase gallbladder filling [40,46,47]. Therefore, we assessed
gallbladder weight at the time of euthanasia in a sub-set of mice to determine the impact of Compound
18 treatment on this negative side-effect. Treatment with Compound 18 increased gallbladder weight
in both Tgr5HEP+/+ and Tgr5HEP−/− mice (Figure 2I, p < 0.05). These data demonstrate that Compound
18 promotes gallbladder filling independently of hepatocyte TGR5 signaling.

3.3. Compound 18 Improves Glucose Regulation in a Hepatocyte TGR5-dependent Manner

To assess the role of hepatocyte TGR5 on glucose regulation, we performed an OGTT in HFD-fed
Tgr5HEP+/+ and Tgr5HEP−/− mice with and without Compound 18 treatment. Compound 18 improved
glucose tolerance compared with vehicle-treated controls in Tgr5HEP+/+ mice, but not Tgr5HEP−/− mice
(Figure 3A, p < 0.05). Furthermore, Compound 18-treated Tgr5HEP+/+ mice exhibited lower blood
glucose excursions compared with Compound 18-treated Tgr5HEP−/− mice (Figure 3A, p < 0.05).
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Figure 3. Compound 18 improves glucose regulation in a hepatocyte TGR5-dependent manner.
(A) Blood glucose, (B) serum total GLP-1, and (C) serum insulin concentrations during an OGTT
in Tgr5HEP+/+ and Tgr5HEP−/− mice after 3 doses of Compound 18 (C18) or vehicle (VEH). n = 5–9.
* p < 0.05, ** p < 0.01 C18 Tgr5HEP+/+ vs. VEH Tgr5HEP+/+; ++ p < 0.01 C18 Tgr5HEP−/− vs. VEH
Tgr5HEP−/−; # p < 0.05 C18 Tgr5HEP−/− vs. C18 Tgr5HEP+/+ by two-factor ANOVA; $ p < 0.05 compared
with VEH Tgr5HEP−/− by Student’s t-test.

A key mechanism by which TGR5 agonists improve glucose tolerance is through induction of
GLP-1 secretion and subsequent enhancement of glucose-stimulated insulin secretion [3]. Previous
work finds that while Compound 18 potently promotes GLP-1 secretion, GLP-1 levels return to baseline
within approximately 1 h of Compound 18 administration in mice [40]. Therefore, to control for the
effect of GLP-1, we performed the OGTT 1 h following the last dose of Compound 18 or vehicle. As
baseline fasting blood samples were collected approximately 45 min after the last Compound 18 dose,
fasting total serum GLP-1 levels were still elevated in Compound 18-treated Tgr5HEP+/+ and Tgr5HEP−/−
mice compared to vehicle controls (Figure 3B, p < 0.05). While this Compound 18-induced increase
in serum GLP-1 levels was diminished by 15 min post-glucose gavage, there remained an elevation
of serum GLP-1 levels in Compound 18-treated mice compared with control (p < 0.05 by 2-factor
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ANOVA in the Tgr5HEP+/+ mice and p < 0.05 by Student’s t-test in the Tgr5HEP−/− mice). Nevertheless,
fasting serum insulin concentrations and serum insulin concentrations at 15 min after the glucose
gavage did not differ between the genotype or treatment condition (Figure 3C). As expected, serum
insulin levels at 15 min post-glucose gavage were elevated compared with fasting serum insulin
concentrations in all groups. Of note, the lack of a difference in fasting serum insulin concentrations
despite marked elevations in fasting serum GLP-1 concentrations points to the glucose-dependent
actions of GLP-1 to promote insulin secretion. Together, these data demonstrate that hepatocyte TGR5
signaling contributes to the effect of Compound 18 to improve glucose tolerance, independently of
insulin and GLP-1 secretion.

3.4. An Index of Insulin Sensitivity Is Impaired in Compound 18-treated Mice Lacking Hepatocyte TGR5

As expected, we did not observe alterations in insulin secretion during the OGTT between
genotype or between treatment. It has been previously shown that enhanced TGR5 signaling improves
insulin resistance in various tissues by decreasing inflammation [23] and lipotoxicity [16] and increasing
energy expenditure [13,20], but the hepatocyte-specific effect of TGR5 signaling on insulin resistance
has not been investigated. Therefore, we evaluated an index of insulin resistance in Tgr5HEP+/+ and
Tgr5HEP−/−mice with and without Compound 18 treatment. We chose the log(HOMA-IR) as a surrogate
index of insulin sensitivity as it has been shown to have improved predictive accuracy compared with
other indices [43].

There was no significant difference in fasting blood glucose (Figure 4A) or fasting serum insulin
concentrations (Figure 4B) between genotype or treatment. However, Compound 18-treated Tgr5HEP+/+

mice exhibited a lower log(HOMA-IR) compared to Compound 18-treated Tgr5HEP−/− mice (Figure 4C,
p < 0.05 by Student’s t-test). Together, with a lack of a difference in glucose-stimulated insulin secretion,
these data suggest that hepatocyte TGR5 signaling may improve glucose homeostasis, in part, through
an improvement in insulin sensitivity. Nevertheless, further work is needed to define the impact of
hepatocyte TGR5 signaling on insulin sensitivity.
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Figure 4. Compound 18 improves insulin sensitivity in a hepatocyte TGR5-dependent manner.
(A) Fasting blood glucose, (B) fasting serum insulin concentrations, and (C) log(HOMA-IR) in
Tgr5HEP+/+ and Tgr5HEP−/− mice after 3 doses of Compound 18 (C18) or vehicle (VEH). n = 8–9. § p <
0.05 compared with Compound 18 Tgr5HEP+/+ by one-tailed Student’s t-test.

4. Discussion

The TGR5 receptor is ubiquitously expressed throughout the body and has a well-defined
role in many regulatory functions that affect hepatic metabolism and extrahepatic glucose
homeostasis [3,9,13,21]; however, the expression of TGR5 and its functional significance in hepatocytes
remained unknown to date. In this study, we performed the first targeted assessment of TGR5
expression in mouse hepatocytes. TGR5 was detected in hepatocytes of paraffin embedded liver
sections by immunofluorescence staining. Our understanding of the liver-specific effects of TGR5 on
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glucose regulation remain limited due to a lack of cell-type specific in vivo studies of liver TGR5 function.
To this end, we employed a hepatocyte-specific TGR5 knockout mouse model in order to dissect the
functional significance of hepatocyte TGR5 signaling. Herein, we provide compelling data that TGR5
is expressed in hepatocytes, where it functions as a regulator of whole body glucose homeostasis.

TGR5 has been implicated in body weight regulation through its role in energy metabolism.
Specifically, TGR5 regulates energy expenditure by inducing mitochondrial biogenesis and thereby
increasing basal metabolism in thermogenically competent tissues, such as brown adipose tissue
and skeletal muscle and through the beiging of white adipose tissue [13,18,19,48]. In this study,
there was no difference in body weight or adiposity between Tgr5HEP+/+ and Tgr5HEP−/− mice with
or without treatment with Compound 18, demonstrating that hepatocyte TGR5 signaling does not
regulate body weight, food intake, or adiposity. While Briere et al. reported that 14 days of Compound
18 administration at 60 mg/kg reduced body weight and fat mass gain in HFD-fed mice [40], it is
likely that our 3-day dosing paradigm at 10 mg/kg was not long enough or robust enough to induce
Compound 18-dependent reductions in adiposity. Nevertheless, the absence of genotype-dependent
and Compound 18-dependent effects on adiposity and body weight in this study enabled us to assess
the body weight-independent effects of hepatocyte TGR5 signaling on glucose homeostasis.

While our data are consistent with previous work demonstrating that TGR5 ablation contributes
to metabolic dysregulation in mouse models [3,19,34,37,49], our data are the first to demonstrate
that TGR5 signaling specifically within the hepatocyte plays a significant role in whole body glucose
regulation. Until now, the role of TGR5 in the maintenance of glucose homeostasis and insulin
sensitivity has been attributed to its effects on mitochondrial function in muscle and BAT and/or insulin
release from the pancreas, enhanced by enteroendocrine L cell GLP-1 secretion [3,13–15,17,20]. For
example, various TGR5 agonists have been shown to ameliorate glucose intolerance in obese and
diabetic mice [3,13,50,51]. While in some studies, this improvement in glucose tolerance was associated
with increased energy expenditure and subsequent weight loss [3,50], other studies attributed body
weight-independent improvements in hyperglycemia to enhanced GLP-1 secretion [40,52]. In contrast,
our data show that Compound 18 improves glucose tolerance in a hepatocyte TGR5-dependent manner.
Further, in contrast to the aforementioned studies, this effect can occur independently of body weight,
GLP-1 secretion, and glucose-stimulated insulin secretion. Thus, we provide evidence that TGR5
agonists improve glucose homeostasis through an additional novel mechanism specific to hepatocyte
TGR5 signaling.

The hepatocyte TGR5-dependent improvement in glucose tolerance occurred in the absence of a
difference in insulin secretion, suggesting that hepatocyte TGR5 signaling regulates hepatic glucose
metabolism and/or insulin sensitivity. Hepatic glucose metabolism is dictated predominantly by
hepatic glucose output and insulin sensitivity [53]. Using an index of insulin resistance, our data
suggest that hepatocyte TGR5 signaling may regulate insulin sensitivity. Recent studies have proposed
that HOMA-IR measurements of insulin resistance refer mostly to the liver, rather than describing
peripheral insulin sensitivity [54,55]. This is of particular interest in our model as we sought to
understand how liver TGR5 regulates glucose homeostasis. Consistent with our findings, previous
work has shown that administration of INT-777 reduced insulin resistance in liver and muscle in obese
mice, as assessed by a hyperinsulinemic euglycemic clamp and 14C-2-deoxy-glucose tracers [3]. It is
also possible that the improved hepatic insulin resistance in Tgr5HEP+/+mice, as compared to Tgr5HEP−/−
mice, following treatment with Compound 18 is mediated by reduced inflammation and decreased
ectopic triglyceride deposition, characteristic of enhanced liver TGR5 signaling [3,24]. Nevertheless,
further work is needed to determine the mechanisms by which hepatocyte TGR5 signaling improves
glucose tolerance.

A growing body of literature has highlighted the potential value of TGR5 agonists in the treatment
of various metabolic and liver diseases [3,13,20,23,40,41,52]. However, the clinical development of
TGR5 agonists is complicated by the wide range of effects associated with systemic TGR5 activation.
TGR5 expression in mouse and human gallbladder is estimated to be 10-fold higher than any other
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tissue [24,25,40]. Studies in whole body Tgr5−/− mice have documented decreased bile flow from the
liver [32] and reduced gallbladder volume [31,32], which is explained by reduced TGR5-dependent
biliary secretion and impaired smooth muscle relaxation of the gallbladder, respectively. In contrast,
the oral administration of TGR5 agonists, including INT-777, oleanolic acid, Compound 23g, and
RO552739, has been shown to induce hepatic bile flow [32,52] and increase gallbladder filling in wild
type mice [32,46,47,50]. Similarly, Compound 18 has been shown to have a dose-dependent effect on
gallbladder filling, an effect that is lost in whole body Tgr5−/− mice [40]. To this end, a major side
effect of TGR5 agonists is the inhibition of gallbladder emptying, ultimately leading to cholestatic liver
injury [24,32,40]. As expected, in this present study, we found no difference in gallbladder weight
between Tgr5HEP+/+ and Tgr5HEP−/− mice in the absence of Compound 18. However, in response to
Compound 18 administration, our data demonstrate a significant increase in gallbladder weight in
both Tgr5HEP+/+ and Tgr5HEP−/− mice. Together, these results suggest that hepatocyte TGR5 does not
contribute to the role of TGR5 in gallbladder filling under basal conditions or in the presence of a TGR5
agonist. Further, our results highlight the need to identify cell-type specific effects and downstream
signaling targets of TGR5 signaling in order to develop better bile acid-based therapeutics to treat
diabetes and metabolic disease.

5. Conclusions

In conclusion, TGR5 is a promising therapeutic target, but its breadth of actions, particularly in
the gallbladder, complicates this task. As such, there is a growing need to identify cell-type specific
effects of TGR5 signaling in order to begin to identify and target the downstream effectors of TGR5
signaling. Our findings provide additional insight into the underlying mechanisms by which TGR5
agonists improve whole body glucose homeostasis. Importantly, our data demonstrate that hepatocyte
TGR5 signaling regulates whole body glucose homeostasis.
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Abstract: Hyperhomocysteinemia (HHcy) is a risk factor for atherosclerosis through mechanisms
which are still incompletely defined. One possible mechanism involves the hypomethylation of
the nuclear histone proteins to favor the progression of atherosclerosis. In previous cell studies,
hypomethylating stress decreased a specific epigenetic tag (the trimethylation of lysine 27 on
histone H3, H3K27me3) to promote endothelial dysfunction and activation, i.e., an atherogenic
phenotype. Here, we conducted a pilot study to investigate the impact of mild HHcy on vascular
methylating index, atherosclerosis progression and H3K27me3 aortic content in apolipoprotein
E-deficient (ApoE −/−) mice. In two different sets of experiments, male mice were fed high-fat,
low in methyl donors (HFLM), or control (HF) diets for 16 (Study A) or 12 (Study B) weeks.
At multiple time points, plasma was collected for (1) quantification of total homocysteine (tHcy) by
high-performance liquid chromatography; or (2) the methylation index of S-adenosylmethionine to
S-adenosylhomocysteine (SAM:SAH ratio) by liquid chromatography tandem-mass spectrometry;
or (3) a panel of inflammatory cytokines previously implicated in atherosclerosis by a multiplex assay.
At the end point, aortas were collected and used to assess (1) the methylating index (SAM:SAH ratio);
(2) the volume of aortic atherosclerotic plaque assessed by high field magnetic resonance imaging;
and (3) the vascular content of H3K27me3 by immunohistochemistry. The results showed that, in both
studies, HFLM-fed mice, but not those mice fed control diets, accumulated mildly elevated tHcy
plasmatic concentrations. However, the pattern of changes in the inflammatory cytokines did not
support a major difference in systemic inflammation between these groups. Accordingly, in both
studies, no significant differences were detected for the aortic methylating index, plaque burden,
and H3K27me3 vascular content between HF and HFLM-fed mice. Surprisingly however, a decreased
plasma SAM: SAH was also observed, suggesting that the plasma compartment does not always
reflect the vascular concentrations of these two metabolites, at least in this model. Mild HHcy in vivo
was not be sufficient to induce vascular hypomethylating stress or the progression of atherosclerosis,
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suggesting that only higher accumulations of plasma tHcy will exhibit vascular toxicity and promote
specific epigenetic dysregulation.

Keywords: homocysteine and vascular disease; H3K27me3; epigenetics; atherosclerosis; MRI
(magnetic resonance imaging)

1. Introduction

Homocysteine (Hcy) is a sulfur-containing amino acid formed during the methionine metabolism.
Mild hyperhomocysteinemia (HHcy), a condition defined by an accumulation of plasma tHcy between
15 and 25 μM, is highly prevalent in most Western populations, and may be an independent risk
factor for atherosclerosis [1,2]. Nevertheless, the molecular basis of the association between Hcy
and atherosclerosis is incompletely defined [1]; one possibility involves its impact on the cellular
transmethylating reactions [3–5].

The intracellular concentration of Hcy is tightly regulated by several metabolic pathways, and it
affects the cell methylating capacity, which is defined as the ratio of S-adenosylmethionine (SAM) to
S-adenosylhomocysteine (SAH) in methionine metabolism [2,5]. SAM is the methyl donor to several
methyltransferases that target innumerous biomolecules, including DNA and proteins. Importantly,
excess SAH inhibits the activities of these SAM-dependent methyltransferases, which results in
decreases in the SAM:SAH ratio and intracellular methylating capacity [6,7]. SAH is further converted
into Hcy by a reaction that is reversible and strongly favors SAH synthesis rather than hydrolysis.
Thus, if Hcy accumulates, SAH accumulates as well, decreasing the SAM: SAH ratio and causing
hypomethylating stress [3,8,9].

Several observations from in vitro and in vivo studies support the concept that hypomethylating
stress contributes to the adverse vascular consequences of HHcy [1–3,6–13]. This possibility has been
also supported by several human studies. For example, one recent cohort study found that higher
plasma SAH concentrations were positively associated with cardiovascular disease (CVD) risk in
patients undergoing coronary angiography [14]. In another study, plasma concentration of SAH,
but not of Hcy, was strongly associated with traditional CVD risk factors and subclinical atherosclerosis
in subjects at low CVD risk [15]. Moreover, plasma SAH was found to be inversely associated with a
measure of endothelial dysfunction (namely, endothelial nitric oxide synthase-dependent vasodilation)
in a small sample of patients with coronary artery disease [16].

Several cell studies have documented the hypomethylating effect associated with decreased SAM:
SAH ratios on epigenetically relevant targets that may contribute to the adverse vascular effects of
Hcy accumulation [3,6,7]. Epigenetic modulators of gene expression include histone methylation [4].
Our prior study reported that hypomethylating stress contributes to a proatherogenic environment
by down-regulating the activity of the SAM-dependent histone lysine methyltransferase known
as an enhancer of zeste homolog 2 (EZH2) [17]. EZH2 silences gene expression by catalyzing the
tri-methylation of histone H3 at lysine 27 (H3K27me3). EZH2 was identified as a new target affected by
a hypomethylating environment, which caused a decrease in the endothelial content of H3K27me3 [17],
promoting a pro-atherogenic phenotype [2,17]. Consistent with the involvement of this specific
epigenetic modification in atherosclerosis progression, a reduction in H3K27me3 content in human
plaques has been reported in two studies [18,19].

As aforementioned, mild HHcy is a condition highly prevalent in most populations and an
independent risk factor for atherosclerosis by mechanisms which are incompletely defined. In light
of these observations, we investigated whether a mild Hcy accumulation in vivo induces alterations
in vascular methylating index and in the epigenetic marker, H3K27me3, to favor atherosclerosis
progression. The remethylation of Hcy to methionine requires folate and vitamin B12 (cobalamin)
as co-factors. Alternatively, Hcy can be remethylated to methionine by betaine, which is a choline
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metabolite. Moreover, the catabolism of Hcy to cysteine requires vitamin B6. Thus, dietary manipulation
of the content of methyl donors and B vitamins is an established approach to produce the accumulation of
tHcy in mice, especially in the presence of an excess of methionine [12,20,21]. With this purpose, we fed
genetically susceptible apolipoprotein E-deficient (ApoE −/−) mice [22] a high-fat diet hypomethylating
(HFLM) diet, or a high-fat control diet (HF) with a normal content of methyl donors. After confirming
the presence of mild HHcy only in the HFLM-fed mice, we measured systemic inflammation, the plasma
and aortic SAM:SAH ratio, and compared the extent of atherosclerotic lesions formation. The volume
of atherosclerosis in the aortas was quantified using advanced imaging techniques (high resolution
magnetic resonance imaging, MRI). Lastly, following MRI analysis, the scanned aortas were subjected
to the quantification of the epigenetic tag H3K27me3.

2. Methods

2.1. Animals and Diets

Seven-week-old ApoE −/− mice (Jackson Laboratory, Bar Harbor, ME, USA) were housed
individually in cages with wire grid floors and fed diets that contained 1% sulfathiazole to ensure that
the animal’s only source of B vitamins was from the diet. Only male mice were included, to control for
the known effect of gender on atherosclerosis in this strain [23]. The animals were maintained in a
room at 22 ± 2 ◦C with a 12-h light–dark cycle with free access to water. Mice were fed ad libitum for
16 weeks (Study A) or 12 weeks (Study B), with one of the following diets prepared based on AIN
93M (Research Diets, New Brunswick, NJ, USA) [12,20]: a control diet (C, 11 Kcal% fat, 70 Kcal%
carbohydrate, 19 Kcal% protein), an HF diet (HF, 40 Kcal% fat, 41 Kcal% carbohydrate, 19 Kcal% protein
and 0.15% cholesterol), or an HFLM diet enriched in methionine and with decreased levels of methyl
donors and vitamins (folate, choline, vitamin B6, and vitamin B12), as previously described [12,20].
The composition of the experimental diets is shown in the supplementary Table S1. Diets were replaced
once a week, at which point animals and the remaining food were weighed. Food consumption was
estimated as an average per mouse per day within each cage. All procedures were performed in
compliance with the Institutional Animal Care and Use Committee of the Pennsylvania State University,
which specifically approved this study.

2.2. Blood Collection

After mice were fed for 4, 8 and 12 weeks on each diet, blood was collected from the retroorbital
cavity into heparinized tubes and immediately placed on ice. Plasma was isolated by centrifugation at
4 ◦C and immediately stored at −80 ◦C prior to further biochemical analyses.

2.3. Aorta Collection and Preparation of Lysates

After 16 (Study A) or 12 weeks (Study B) on each diet, mice were euthanized by carbon dioxide
inhalation and, after the exposure of the aorta, 10 mL of cold phosphate saline buffer (PBS) was
perfused using a syringe through the left ventricle of the heart. Approximately one third of the
descending thoracic aorta was excised, transferred into 100 μL of a solution of acetonitrile, methanol,
and water (2:2:1) containing 0.1M HCl (to preserve SAH during the subsequent lysate preparation),
immediately immersed into liquid nitrogen, and stored at −80 ◦C until the preparation of the lysates
for SAM and SAH quantification, described below. The remainders of the aorta (ascending aorta,
aortic arch, and remaining descending thoracic aorta) was then perfused through the heart in situ via
the left ventricle with 10% neutral buffered formalin (NBF) in PBS, and dissected from other tissues.
The aortic tissue was fixed in 10% NBF overnight, washed with PBS, and subjected to Oil Red O
staining, as described below.

Aorta lysates for SAM and SAH quantification were subsequently prepared by homogenization
with 2.8 mm ceramic beads using a Bead Ruptor 12 (Omni, Kennesaw, GA, USA) with two cycles of
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15 s at the maximum speed, with 30 s on ice in between. The lysate was cleared by centrifugation at
12,000 g and 4 ◦C for 10 min and immediately stored at −80 ◦C until SAH and SAM analysis.

2.4. Homocysteine and Methylating Index (SAM:SAH Ratio)

Plasma total Hcy (tHcy), defined as the total concentration of Hcy after the reductive cleavage of
all disulfide bonds, was determined by high-performance liquid chromatography (HPLC) analysis
according to an adapted method of Araki and Sako [24], and as previously described [11].

SAM and SAH levels were measured in plasma (after 8 weeks on each diet) and in aortic lysates
(at the end point) using a liquid chromatography tandem-mass spectrometry (LC-MS/MS) method
after the use of solid-phase extraction columns according to an adapted method of Gellekink et al. [25],
and as previously described [26]. The stability of SAM and SAH in plasma was shown to be 100% if
samples were stored immediately at −80 ◦C [23]. As aforementioned, to protect aortic lysates from
degradation of SAM, we acidified the aortic lysates with 0.1M HCl, after which samples were stored at
−80 ◦C [25]. Within-run precision was shown to be 2.9% and 2.4% for SAM and SAH, respectively.

2.5. Systemic Inflammation

Interleukin 6 (IL-6), interleukin 10 (IL-10), monocyte chemoattractant protein 1 (MCP-1), and tumor
necrosis factor (TNF-α), previously identified in the pathogenesis of atherosclerosis [3], were measured
in duplicate at two different time points (4 weeks and 12 weeks) in Study A, using MSD U-PLEX multiplex
assay platforms (Meso Scale Diagnostics, Rockville, MD, U.S.) following the manufacturer’s instructions.

2.6. Aorta Processing for MRI Analysis

Fixed aortas were stained with Oil Red O (EMD chemicals, Cat. #3125-12) to facilitate complete
adventitial fat removal during dissection. Briefly, aortas were dehydrated in successive methanol–water
solutions (25%, 50%, 78% methanol for 15 min each at room temperature, RT, with rocking). Aortas
were then incubated in Oil Red O working solution (5 parts 2.8% Oil Red O in methanol: 2 parts 1 M
sodium hydroxide) for 2 h at RT, with rocking. Subsequently, aortas were washed and rehydrated
with successive PBS solutions with the following methanol concentrations (%): 78, 50, 25, or 0 (15 min
each solution, RT, rocking). Connective tissues surrounding the aortas were dissected away under a
stereomicroscope. Dissected aortas were then equilibrated in a solution of 0.1% Magnevist (Bayer),
0.25% sodium azide in PBS overnight at 4 ◦C, then placed into glass tubes (6 mm OD, 4 mm ID, 60 mmL)
for MRI analysis.

2.7. MRI Analysis: Atherosclerotic Plaque Volume

Aortic plaque burden was determined by MRI, as previously described, but using an Agilent
14T micro imaging system and a home-built saddle coil with an inner diameter of 7 mm [27–29].
A previously validated [30] gradient echo imaging sequence with an imaging time of 9 h 48 min was
used to generate 3D datasets of the aortas. Scan parameters included an echo time (TE) of 13 ms,
a repetition time (TR) of 100.00 ms, eight averages, a field of view (FOV) of 12.6 × 4.2 × 4.2 mm3 and a
matrix size of 630 × 210 × 210, resulting in an isotropic resolution of 20 μm. After acquisition, MR data
was reconstructed using Matlab (The MathWorks Inc., Natick, MA, USA). Zero-filling by a factor of 2
in each direction lead to a final isotropic pixel resolution of 10 μm.

Data segmentation was performed using Avizo 9.5 (Thermo Fisher Scientific, Waltham, MA, USA).
The lumen of the aorta, the different plaques, and the aorta wall were manually segmented using the
lasso tool. Quantification of plaque volume was determined using the material statistics function in
Avizo 9.5 on the segmented aorta. The results were expressed as the percent of plaque area in relation
to the total segmented area (plaque + lumen +wall).
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2.8. Aorta Cryosectioning and Immunofluorescence Analysis: Specific Histone Methylation

Following MRI analysis, aortas were equilibrated in sucrose solution. Aortas were then cut into
four regions, pinned out into arrays, embedded in Tissue-Tek Optimal Cutting Temperature compound
(OCT, Sakura Finetek, Tokyo, Japan) and stored at −20 ◦C (Figure 1). Aorta arrays were sectioned at an
angle generally perpendicular to the vessel into 12 μm thick sections using a Leica CM3050 S cryostat,
at −20 ◦C, and attached to TruBond 380 microscope slides (Electron Microscopy Sciences, Hatfield, PA,
USA). Slides were dried at least 1 h at 32 ◦C, then stored at −20 ◦C.

 

B A

C D 

Figure 1. Aorta Cryosectioning (A) Example of one aorta from ApoE −/− mice and schematic
representation of the different regions of the aorta including pre-embedding cut sites (dashed
lines); (B) Example of the visualization of the aortic arteriosclerotic plaque (colored in yellow) using
14T-magnetic resonance imaging (MRI); (C) After MRI analysis, aortas from the same study were cut,
each region was pinned into alignment, embedded in Optimal Cutting Temperature (OCT) compound
and stored at −20 ◦C for 24 h. Blue letters B, R, and G only represent marks used as orientation and
spacing guides. (D) The resulting cryoblock was then sectioned, creating arrays of aortic slices of
similar orientation and position for immunofluorescence analysis.

Heat-Induced Epitope Retrieval (HIER) was conducted for 30 min at < 100 ◦C in a decloaking
chamber (Biocare Medical, Pacheco, CA, USA), setting 9.5, using Rodent Decloaker solution (Biocare
Medical, Pacheco, CA, USA) in accordance with manufacturer-provided protocols. Arrays were then
encircled with an ImmEdge Hydropphobic Barrier PAP pen (Vector Laboratories, Burlingame, CA,
USA), blocked with 2% BSA, 1% NGS, 0.05% Triton X-100, 0.05% Tween-20, 0.05% sodium azide in PBS
(blocking buffer) for ≥ 1 h, and then incubated with primary antibodies in blocking buffer overnight at
4 ◦C. After washing, arrays were incubated with secondary antibodies in blocking buffer for ≥ 1 h
at RT, washed, treated with Vector TrueVIEW Autofluorescence Quenching Kit (Vector Laboratories,
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Burlingame, CA, USA), and mounted under coverslips in VECTASHIELD Vibrance Antifade Mounting
Medium (Vector Laboratories). The antibodies used were: rabbit anti-histone H3K27me3 pAb (1:200,
Cat.# A-4039, Epigentek, Farmingdale, NY, USA, Cat.# A-4039), mouse anti-histone H3 mAb 1B1-B2
(1:200, Cat.#819404, BioLegend, San Diego, CA, USA), Alexa Fluor 555 goat anti-rabbit IgG (1:250,
Cat.# A-21428 Invitrogen, Carlsbad, CA, USA), Alexa Fluor 488 goat anti-mouse IgG3 (1:250, Cat.#
A-21151, Invitrogen, Carlsbad, CA, USA). The residual Oil Red O in the slides did not interfere with
the immunofluorescence detection (Figure S1), likely due to HIER or time since Oil Red O staining [31].

Immunofluorescence images were collected using an Olympus BX61 widefield fluorescence
microscope at the Penn State Microscopy Facility (University Park, PA, USA). Images were segmented
and quantified using FIJI [32]. Briefly, the aortic lumen, plaque, and outside of the aorta were segmented
manually as Regions of Interest (ROIs). All other ROIs were calculated through additions of and/or
subtractions from these initial segments. Histone H3 fluorescence images were used to define nuclei
within these ROIs and fluorescence within these nuclei selections were measured in both the histone
H3 and histone H3K27me3 immunofluorescence images. Autofluorescence from the elastic fibers
within the vessel walls was suppressed using TrueVIEW® Autofluorescence Quenching Kit from Vector
Laboratories. This allowed selection of the nuclei based on thresholding of the histone H3 fluorescence
channel (green, Alexa488) image. Then, using only those areas selected as nuclei, the fluorescence of
both the H3 (green, Alexa488) and H3K27me3 (red, Alexa555) channels could be quantified. Average
fluorescence values from the nuclei contained in the various ROIs were collected for each aortic/vessel
image. Average fluorescence intensity values within the nuclei represent the average pixel value over
the whole group of selected nuclei (not the average intensity per nuclei). Those average fluorescence
values were used to calculate the ratio of H3K27me3 to H3, which was used to assess relative changes
in H3K27me3 content.

2.9. Statistical Analysis

Analyses were performed in GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA),
with statistical significance set to p< 0.05. For comparison of two groups, an unpaired Student’s t-test
was used. For more than two groups, a one- or two-way analysis of variance (ANOVA) was performed
and adjusted for multiple comparisons.

3. Results

3.1. General Characteristics

The mean food per week did not differ between HF and HFLM groups (data not shown).
Nevertheless, after 16 weeks (Study A), HF mice gained more weight than HFLM mice (p < 0.05) or
control mice (p < 0.05), while the latter two groups did not differ from each other (Figure 2). To exclude
the causal role of secondary metabolic effects caused by an extended period of dietary treatment with
suboptimal levels of micronutrients, a second group of mice was fed for a shorter period (12 weeks,
Study B). Again, the HFLM-fed mice grew more poorly (p < 0.05) than the other two groups of mice.

3.2. Homocysteine and Methylating Index (SAM:SAH Ratio)

Mild HHcy was induced by the HFLM diet in both studies (A and B) (Figure 3) (n = 5–6 per study).
In fact, in study A, and at week 4 and week 12, HFLB-fed mice had higher (p < 0.05) plasma tHcy
concentration when compared to the HF-fed mice or control-fed mice (Figure 3A). These observations
were further confirmed in study B, in which, equally after 4 or 12 weeks, HFLM-fed mice, but not
those mice fed HF or control diets, accumulated mildly elevated tHcy plasmatic concentrations
(25 μM > tHcy > 15 μM) (Figure 3B).
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Figure 2. The effect of control, High-Fat (HF), or low in methyl donors (HFLM) diets on growth. Results
are weekly weight gain (% of initial weight). Data shown are the mean ± SEM; n = 5–6/group, bars not
sharing superscript letters differ from each other, p < 0.05.
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Figure 3. The effect of control, High-Fat (HF), or low in methyl donors (HFLM) diets on plasma tHcy
concentrations (A,B), plasma SAM:SAH ratio (C), and aortic SAM:SAH ratio (D). Data shown are the
mean ± SEM, n = 5–6/group; bars not sharing not sharing superscript letters differ by p < 0.05.
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The ratio of SAM concentration divided by SAH concentration was used as an indicator of the
methylating capacity, determined in plasma after 8 weeks of diet treatment, and in the aortas after
16 weeks (Study A) or 12 weeks (Study B) of diet treatment. In both studies (n = 5–6 per study), HFLM
mice displayed a significantly lower plasma SAM: SAH ratio, when compared to HF or control mice
(Figure 3C). In both studies, plasma SAM: SAH ratios were similar in HF and control mice (Figure 3C).
Interestingly, however, the ratio of aortic concentrations of SAM: SAH in HFLM mice did not differ
from HF or control mice either after 12 weeks or 16 weeks of diet (Figure 3D), thus showing the absence
of an hypomethylating environment in the HFLM aortas.

3.3. Systemic Inflammation

Cytokines were measured at two different time points (4 weeks and 12 weeks) in Study A to
evaluate the status of systemic inflammation, a key component of the atherosclerosis process. At both
times, IL-6, IL-10, MCP1, and TNF α concentrations were significantly lower in control mice compared
to mice fed either the HF or HFLB diet (Figure 4). Apart from this, mice fed HF diet, when compared
at the same time to mice fed HFLM diet, had similar levels of all cytokines with few exceptions: TNF
α was significantly elevated in HF mice at 4 weeks (but was similar after 12 weeks of diet); IL6 was
elevated in the HFLB mice after 12 weeks; MCP-1 was higher in HF mice after 12 weeks (Figure 4).

Figure 4. Systemic concentrations of interleukin 6 (IL-6), interleukin 10 (IL-10), monocyte
chemoattractant protein 1 (MCP1) and tumor necrosis factor α (TNF- α) in mice fed- low in methyl
donors (HFLM) diet, High-Fat (HF) diet or control diet during 16 weeks (study A). Results are
mean ± SEM (n = 4 per group). Data not sharing superscript letters differ by p < 0.05.

3.4. Atherosclerotic Plaque Volume

A method based on ex vivo MR imaging was used to visualize and quantify the volume of
atherosclerotic plaque. Distribution of the plaque was similar in all three diets, predominating in the
aortic arch and BCA. Plaque volume was significantly increased in HF and HFLM groups compared to
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the control group, but no significant differences were detected (at the p < 0.05 level), between HF and
HFLM groups, at either 16 weeks (Study A) or 12 weeks (Study B) (Figure 5). Moreover, this observation
was independent of the segment of aorta analyzed (shown in Figure 1A): ascending aorta, aortic arch,
or descending thoracic aorta. When mice fed the same diets were compared, there was a consistent
increase in plaque burden over time, from 12 to 16 weeks, although the magnitude differed between
mice fed the control and mice fed either of the HF diets.
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Figure 5. Ex vivo 14T-MRI volumetric assessment of the aortic atherosclerotic plaque in mice
fed-hypomethylating (HFLM) and High-Fat (HF) diets, for 12 or 16 weeks. Plaque denotes the volume
of plaque relative to the total segmented area. Data not sharing superscript letters differ by p < 0.05.
Black circles represent individual values and horizontal lines represent the mean value for each group.

3.5. Specific Histone Methylation

Immunofluorescence was used to evaluate the content of H3K27me3 (in relation to total histone
H3) in the HFLM aortas compared to the HF aortas (Figure 6), after 12 or 16 weeks of mild HHcy.
Different aortic segments (aortic arch; brachiocephalic artery, BCA); and left common carotid artery,
LCCA), and different ROIs (total vessel, plaque, and wall) were considered and, as shown in Figure 6D,
no significant differences were detected (at the p < 0.05 level), for the content of the epigenetic
tag H3K27me3.
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Total Plaque Wall

Arch 3.2% ± 2.5 3.9% ± 3.2 3.1% ± 2.4

BCA -3.2% ±2.4 -3.5% ± 2.6 -2.6% ± 2.4

LCCA -0.4% ± 2.3 -3.2% ± 3.6 -0.4% ± 2.0

Arch 2.8% ± 3.5 3.9% ± 4.7 2.5% ± 3.1

BCA 1.3% ± 2.9 -0.2% ± 3.0 2.7% ± 2.8

LCCA -3.2% ± 2.2 -3.7% ± 2.3 -3.0% ± 2.3
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Figure 6. Immunofluorescent (IF) analysis (A) Brightfield and IF images of aortic arch cross sections
from ApoE −/− mice fed either a High Fat (HF) or a High Fat Low Methyl donors (HFLM) diet for 12
or 16 weeks (wk) as indicated. Total Histone 3 (H3) in green, and Histone 3 trimethylated at lysine
27 (H3K27me3) in magenta. Scale bars = 200 μm. (B) Example of the manual segmentation using FIJI
(ImageJ) to define Plaque (Red) and Wall (Yellow); (C) Example of the Plaque Nuclei (Cyan) and Wall
Nuclei (Magenta) segments used to measure mean fluorescence ratios of H3K27me3:H3; (D) Variation
of the relative H3K27me3 content in the HFLM aortas in relation to the corresponding HF aortas
expressed as percent change; data are the mean ± SEM, n = 25. BCA, brachiocephalic artery; LCCA, left
common carotid artery (localization shown in Figure 1A).

4. Discussion

The present study investigated in an in vivo model of atherogenesis whether mild HHcy
alters aortic methylating index and the vascular epigenetic content of H3K27me3 to favor a
pro-atherogenic phenotype.

SAH is the precursor of Hcy that may accumulate in the setting of HHcy to cause hypomethylating
stress, and this, in turn, may contribute to the vascular toxicity [2,3,6,7]. This possibility is based
on the ability of SAH, once its intracellular concentration reaches a certain threshold, to inhibit
the methyltransferase reactions that rely on SAM. EZH2 is a SAM-dependent methyltransferase
that participates in histone methylation and chromatin compaction, negatively regulating gene
expression [33]. EZH2 establishes the epigenetic tag H3K27me3 that represses the expression of genes
responsible for the establishment of a proatherogenic endothelial phenotype [34]. Accordingly, we have
previously shown that, in endothelial cells, hypomethylating stress decreases H3K27me3 to promote
inflammation and endothelial dysfunction and activation [17]. However, the in vivo effect of mild
HHcy on the vascular methylating index and content of this epigenetic tag is elusive.

Dietary manipulation of the content of methyl donors and B vitamins is an established approach to
produce the accumulation of tHcy in mice, especially in the presence of an excess of methionine [12,20,21].
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Accordingly, in the present study, a mild but significant accumulation of circulating tHcy was achieved
in the mice fed the HFLM diet [35].

Many studies have used dietary approaches similar to ours in ApoE −/− mice to explore the
vascular phenotype associated with HHcy. Studies in which a moderate (25–50 μM) or severe
(> 100 μM) accumulation of plasma tHcy was achieved reported that HHcy enhanced the development
of atherosclerosis [21]. However, the findings associated with mild HHcy are inconsistent. For example,
Liu et al. [36] reported that 8 weeks of severe HHcy with a concomitant decrease in SAM:SAH
resulted in aggravated aortic plaque formation; however, a milder elevation of Hcy that did not alter
plasma SAM:SAH did not alter the extent of atherosclerotic plaque development. More recently,
Xiaoling et al. [37] reported that a similar mild elevation of Hcy increased aortic lesion area after
16 weeks of diet using a high-fat diet enriched in methionine, but no measures of methylating status
were provided in this report. Interestingly, in a genetic model of mild HHcy achieved by crosses of
ApoE −/− mice, with mice having a genetic defect in Hcy metabolism (cystathionine beta-synthase,
CBS, deficiency), ApoE −/− CBS −/− mice developed more severe aortic root lesions than ApoE−/−
mice at 12 months of age but not at earlier timepoints of 15 weeks or 6 months [38]. In the present
study, a mildly elevated plasma Hcy for 16 weeks (Study A) (Figure 3A) did not significantly affect
atherosclerosis progression (Figure 5) or aortic SAM: SAH values (Figure 3C). To the best of our
knowledge, no previous murine studies have provided measures of the vascular methylating index
under mild HHcy. Surprisingly however, a decreased plasma SAM: SAH, an indicator of systemic
hypomethylating status, was also observed after 8 weeks of diet (Figure 3D), suggesting that the plasma
compartment does not always reflect the vascular concentrations of these two metabolites. To confirm
these observations, and to exclude the causal role of secondary metabolic effects due to an extended
period of dietary treatment with suboptimal levels of micronutrients, a second group of mice was
subjected to the same experimental design but for a shorter period (12 weeks, Study B). Again, plasma
Hcy concentrations were in the range of mild HHcy (Figure 3B) and were not associated with aortic
hypomethylation (Figure 3D) nor atherosclerosis progression (Figure 5). Moreover, and similarly to
study A, lower plasma SAM:SAH was also observed in study B in HFLM mice when compared to both
other groups (Figure 3C). In fact, it is known that methylation-regulating enzymes are differentially
expressed in different murine tissues, which results in tissue-specific differences in SAM and SAH
concentrations [12,13]. Our results suggest that, in this model, under mild HHcy, the systemic
SAM:SAH ratio does not always reflect the vascular methylating capacity.

In the present study, ex vivo 14T-MR imaging was used to quantify the extent of atherosclerosis in
the aortas of ApoE −/− mice enabling the visualization, and subsequent quantification of total plaque
volume with sensitivity [27–29]. Moreover, this method preserved the aortic tissue that was further
used to quantify histone methylation. Our observation that the volume of vascular lesions over the
entire aorta was not higher in the hyperhomocysteinemic mice (HFLM) was further confirmed by
evaluating plaque volume in segments of aorta that are more prone to develop atherosclerosis (BCA
and aortic arch) (Figure 5). In these highly susceptible regions, no significant differences in the plaque
burden were detected between HF and HFLM mice. Importantly, however, HFLM mice grew more
slowly than HF animals, and this may have retarded the plaque progression in these animals explaining
the observed absence of vascular toxicity. Previous studies have also noted a significant decrease in
body weight in animals fed diets with high methionine and a lack of micronutrients [20,21]. Lastly,
as anticipated, plaque volume in HF and HFLM mice was significantly increased compared to that
in control mice (Figure 5), indicating a role of high-fat diet, regardless of B vitamin content, in the
development of atherosclerosis.

The effect of diet on the circulating levels of cytokines previously implicated in the pathogenesis
of atherosclerosis was also investigated previously [39]. IL-6 is an inflammatory cytokine that plays
a central role in propagating the downstream inflammatory response that sustains atherosclerosis
progression [40], whereas IL-10 is a prototypic anti-inflammatory cytokine released by activated
macrophages that delays the growth of vascular lesions [41]. MCP1 is deeply implicated in
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the infiltration of immune cells into the vessel wall, an essential component of atherosclerosis
progression [42]. Lastly, TNF-α is a key cytokine that facilitates the influx of inflammatory cells
into the vessel wall, thus promoting the progression of the vascular lesions [43]. In the present
study, both HF and HFLM diets promoted a significant systemic elevation of all the four cytokines,
when compared to the control diet (Figure 4). This observation is in agreement with the positive
effect of dietary fat on systemic inflammation [44]. Moreover, the increased systemic inflammation
in HF and HFLM mice is consistent with the augmented arteriosclerotic plaque burden that was
observed in these groups compared to control mice. Although some significant differences in plasma
cytokines were present between HF and HFLM mice (Figure 4), the pattern of these changes does not
support a major difference in disease mechanisms between these groups. Rather, the cytokine findings
suggest comparable systemic inflammation in both the HF and HFLM groups, which is consistent
with the plaque burden observed (Figure 5). Nevertheless, considering the systemic hypomethylation
detected in the hyperhomocysteinemic animals, we are tempted to speculate that the up-regulation
of IL6 expression observed in these animals after 12 weeks of diet when compared to the HF-fed
mice (Figure 4) may result from the demethylation of the CpG islands in the promoter region of the
gene encoding for this inflammatory cytokine [45,46]. In fact, DNA hypomethylation was previously
observed under hypomethylating stress [3,4,8,9] and the decrease in promoter methylation status is a
widely described mechanism associated with increased gene expression levels [3].

The ability of excess Hcy to disturb specific histone methylation has been demonstrated previously
in murine models. Previously, we found that diet-induced moderate HHcy in rats decreased
dimethylation of arginine 3 on histone H4 in a tissue-dependent manner [12]; however, in this
study not all tissues analyzed showed a change in SAM: SAH ratio. Moreover, a severe accumulation
of Hcy due to a genetic defect in Hcy metabolism (CBS deficiency) lessened the methylation of
histone H3 at the arginine 8 position in the liver [13]. In a study in which the effect of excess SAH
in ApoE −/− mice was explored in the absence of excess Hcy, plasma SAH was positively associated
with increased atherosclerosis and negatively associated with the content of trimethylated histone
H3 on lysine 9 in aortic lesions [47]. More recently, ApoE −/− mice were challenged with a high-fat
high-methionine diet for 16 weeks to cause mild HHcy and, surprisingly, these HHcy mice had
increased aortic levels of H3K27me3 [37], however, the SAM: SAH ratio was not measured in this
model. As aforementioned, the epigenetic tag H3K27me3 is established by the SAM-dependent
methyltransferase, EZH2, the activity of which is decreased by excess SAH, at least in endothelial cells
under pharmacological treatments that cause a 6-fold reduction in the SAM: SAH ratio [17]. Thus,
this paradoxical observation of increased levels of H3K27me3 under mild HHcy led us to investigate
whether, in the aortas of our animals with mild HHcy, the same epigenetic tag was affected. To do
so, we used a systematic immunofluorescence approach which revealed comparable amounts of this
epigenetic tag in the HFLM and HF groups (Figure 6). This finding is consistent with the maintenance
of the cell-methylating index in the aortas of HFLM mice when compared to HF mice, suggesting that,
in this model under mild plasma HHcy, the concentrations of SAH accumulated in the tissue are below
the Ki value for EZH2 [48].

5. Conclusions

In conclusion, in the present pilot study, two different sets of experiments were conducted, leading
to the same observations: mildly elevated Hcy was associated with systemic hypomethylation but no
differences between HLLM- and HF fed-mice were detected in vascular methylation status, specific
epigenetic content and atherosclerosis progression. However, we do acknowledge that confirmatory
studies with a higher number of animals may be needed to confirm these intriguing observations.
Moreover, additional studies are being conducted using a diet promoting a more severe accumulation
of Hcy to investigate the involvement of this phenotype on atherosclerosis progression via specific
epigenetic dysregulation.
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Abstract: TGR5 is a G protein-coupled bile acid receptor that is increasingly recognized as a key
regulator of glucose homeostasis. While the role of TGR5 signaling in immune cells, adipocytes and
enteroendocrine L cells in metabolic regulation has been well described and extensively reviewed,
the impact of TGR5-mediated effects on hepatic physiology and pathophysiology in metabolic
regulation has received less attention. Recent studies suggest that TGR5 signaling contributes
to improvements in hepatic insulin signaling and decreased hepatic inflammation, as well as
metabolically beneficial improvements in bile acid profile. Additionally, TGR5 signaling has been
associated with reduced hepatic steatosis and liver fibrosis, and improved liver function. Despite the
beneficial effects of TGR5 signaling on metabolic health, TGR5-mediated gallstone formation and
gallbladder filling complicate therapeutic targeting of TGR5 signaling. To this end, there is a growing
need to identify cell type-specific effects of hepatic TGR5 signaling to begin to identify and target the
downstream effectors of TGR5 signaling. Herein, we describe and integrate recent advances in our
understanding of the impact of TGR5 signaling on liver physiology and how its effects on the liver
integrate more broadly with whole body glucose regulation.

Keywords: TGR5; liver; metabolic regulation

1. Introduction

TGR5 is a transmembrane G-protein coupled receptor (GPCR) for bile acids that is ubiquitously
expressed in mouse and human tissues [1–6]. Bile acids are amphipathic steroid molecules,
synthesized from cholesterol in the liver, that signal through the nuclear receptor, Farnesoid X
receptor (FXR), and TGR5, to regulate lipid, glucose, and energy metabolism and to maintain metabolic
homeostasis [7–9]. Dysregulated bile acid signaling has been implicated in the pathogenesis of insulin
resistance and type 2 diabetes [10–12]. Initial studies revealed that TGR5 signaling regulates glucose
tolerance, inflammation, and energy expenditure [9,13–15], such that TGR5 is now recognized as a
potential target for the treatment of metabolic disorders. To this end, much metabolic research regarding
TGR5 signaling has focused on TGR5-mediated effects on GLP-1 secretion from enteroendocrine L
cells [9,16,17], mitochondrial thermogenesis in adipocytes [13,18,19], and decreased inflammatory
cytokine secretion from immune cells [1,14,15].

While the role of TGR5 signaling in immune cells, adipocytes, and enteroendocrine L cells
has been well described and extensively reviewed, the impact of TGR5 on hepatic physiology
and pathophysiology has received less attention. TGR5 is highly expressed in the non-parenchymal
cell-types of the liver [20–23] and has been recently identified in hepatocytes [24]. Examination of the role
of TGR5 signaling in these various cell types has contributed to a growing body of literature highlighting
TGR5 as a key contributor to liver physiology and pathophysiology. Genetic ablation of TGR5 has
been shown to make mice more susceptible to impaired glucose tolerance, hepatic insulin resistance,
hepatic steatosis and fibrosis, as well as altered bile acid metabolism [9,25,26]. Additionally, treatment of
mice with TGR5-specific agonists has been shown to ameliorate many of these metabolic impairments,
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underscoring the potential therapeutic nature of TGR5 in treating metabolic disease [7,9,13,24,27–30].
However, the clinical development of TGR5 agonists is complicated by the breadth of effects associated
with systemic TGR5 activation, particularly in regard to TGR5-specific effects on gallbladder filling and
gallstone formation [22,24,30,31]. This review will summarize the currently available knowledge on
the impact of TGR5 on hepatic physiology, its influences on metabolic regulation, and the knowledge
gaps that need to be addressed to enable effective therapeutic targeting of the TGR5 signaling for the
treatment of metabolic disease.

2. Hepatic TGR5 Signaling and Expression

TGR5 is a member of the rhodopsin-like family of GPCRs [2]. TGR5 is encoded by a single-exon
gene and is widely conserved among vertebrates [2]. TGR5 is activated by several bile acids,
with lithocholic acid (LCA) as the most potent natural agonist, followed by deoxycholic acid (DCA),
chenodeoxycholic acid (CDCA) and cholic acid (CA) [2]. Further, taurine conjugation of bile acids
increases the affinity for TGR5, as compared to unconjugated bile acids; however, conjugation with
glycine has a negligible impact on TGR5 affinity [32]. Based on the robust metabolic effects of TGR5
signaling, multiple synthetic [3,9,13,30,33–35] and semi-synthetic [28] TGR5-specific agonists have
been designed and synthesized, in addition to other natural ligands that have been identified [16,29].

In 2002, Maryuama et al., discovered TGR5 as a novel GPCR that, in response to bile acids,
enhanced cAMP production in human cell lines [2]. Similarly, Kawamata et al., reported that treatment
of a TGR5-expressing human monocytic cell line (THP-1) with taurolithocholic acid (TLCA), LCA,
and DCA, dramatically increased cAMP production and suppressed cytokine production [1]. Together,
these studies identified that, in most cell types, TGR5 is coupled to a stimulatory G-alpha-protein (Gαs),
whereby ligand binding to TGR5 results in the activation of adenylyl cyclase-cAMP-PKA signaling
and the associated downstream effects, including the recruitment of cAMP response element-binding
protein (CREB) to target genes [1,2]. However, further characterization of TGR5 expression and
function in other cell types has demonstrated that TGR5 signaling activates multiple different kinase
pathways in addition to PKA, including protein kinase B (AKT) [3], Rho kinase [4], mammalian target
of rapamycin complex 1 (mTORC1) [3], as well as extracellular signal-related kinase 1/2 (ERK1/2) [5,6].

TGR5 is ubiquitously expressed in rodent and human tissues and has a well-defined role in
many regulatory functions that affect whole body metabolism [9,13,15,20]. TGR5 is expressed in
endocrine glands, the kidney, adipocytes, muscle, the central nervous system, immune cells, spleen,
lung, the gastrointestinal tract (mainly in the ileum and colon), and the enteric nervous system [1,2,36].
TGR5 is also highly expressed in the liver, specifically within non-parenchymal cells, including Kupffer
cells [20], sinusoidal endothelial cells [21], and cholangiocytes [22,23]. While it has been speculated that
TGR5 is not expressed in hepatocytes, we are not aware of any previously published data demonstrating
this. Recently, we reported that TGR5 is expressed in mouse hepatocytes [24], which is in line with
previous work in which TGR5 expression was detected in a human hepatocellular carcinoma cell
line [37] and in canine hepatocytes [38].

A growing body of literature suggests that TGR5 signaling plays an essential role in hepatic
metabolic regulation. Our group recently identified a previously unknown role for hepatocyte TGR5
signaling in regulating whole body glucose homeostasis and insulin sensitivity; however, the underlying
signaling pathway through which this occurs remains unresolved [24]. Moreover, other studies have
characterized anti-inflammatory, choleretic, proliferative, and protective effects associated with TGR5
signaling in the nonparenchymal cell types of the liver. For instance, in Kupffer cells and resident
macrophages, TGR5 activation dampens the hepatic inflammatory response through the attenuation of
LPS-induced cytokine production, via the classical TGR5-cAMP-dependent pathway [20], and also
through a reduction in NF-κB-dependent inflammatory responses [15] (Figure 1). TGR5 signaling
antagonizes NF-κB by decreasing the phosphorylation of IκBα, the nuclear translocation of p65,
and NF-κB DNA binding activity [15,39]. Through these separate pathways, TGR5 signaling functions
to diminish hepatic inflammation.
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The function of TGR5 signaling within the biliary tree has also been rigorously studied.
Ligand binding to TGR5 in cholangiocytes induces CFTR-dependent chloride and bicarbonate secretion
into bile, which enhances choleresis and forms a bicarbonate umbrella to protect the liver parenchyma
from bile acid toxicity [23,40–42]. TGR5 signaling in cholangiocytes has also been shown to inhibit,
as well as promote, cell proliferation depending on the subcellular localization of the TGR5 receptor.
In non-ciliated cholangiocytes where TGR5 is localized to the apical membrane, TGR5 couples to
Gαs to increase intracellular cAMP levels, resulting in increased ERK1/2 signaling and promotion
of proliferation (Figure 1) [5]. In contrast, in ciliated cholangiocytes where TGR5 is localized to
the cilia, TGR5 couples to Gαi to decrease intracellular cAMP levels, resulting in increased ERK1/2
signaling and inhibition of proliferation (Figure 1) [5]. TGR5 is also expressed in the smooth muscle
cells of the gallbladder [43]. TGR5 signaling in these cells activates the cAMP-PKA pathway and
causes hyperpolarization of smooth muscle cells by opening the KATP channels, ultimately leading to
inhibition of gallbladder contractility and increased gallbladder filling [43] (Figure 1). Through these
combined functions, TGR5 signaling protects the liver and biliary tree from the cytotoxic effects of bile
acids. This is further underscored by the finding that whole body Tgr5−/− mice exhibit more severe
liver damage, biliary injury, and impaired cholangiocyte proliferation in response to bile acid feeding,
compared to wild-type mice [6,44].

Figure 1. TGR5-mediated cell signaling pathways in different liver cell types. TGR5 activation
leads to increased intracellular cAMP levels, followed by activation of PKA, ultimately leading to
altered gene expression [1,2], resulting in relaxation of gallbladder smooth muscle cells and increased
gallbladder filling. TGR5 signaling in Kupffer cells decreases LPS-induced cytokine production
via a cAMP-dependent pathway [20] and antagonizes NF-κB, both resulting in a decreased hepatic
inflammatory response [15,39]. TGR5 signaling in non-ciliated cholangiocytes inhibits ERK1/2 signaling,
resulting in increased proliferation; whereas in ciliated cholangiocytes, TGR5 signaling increases ERK1/2
activity to decrease proliferation [5]. TGR5 signaling in liver sinusoidal endothelial cells enhances AKT
phosphorylation and increases vasodilation [45,46].

Furthermore, in liver sinusoidal endothelial cells, TGR5 signaling increases the generation of
vasodilatory molecules, nitrogen oxide and hydrogen sulfide. More specifically, TGR5 activation
results in PKA-mediated phosphorylation of endothelial nitric oxide synthase leading to increased
production of nitric oxide [21]. Additionally, ligand binding to TGR5 has been shown to activate AKT
in these cells, resulting in serine phosphorylation of cystathionine γ-lyase and a subsequent increase in
hydrogen sulfide production [45,46]. TGR5 signaling has also been shown to inhibit expression and
secretion of endothelin-1, a potent vasoconstrictor [47]. Through TGR5 signaling, the generation of
vasodilatory and inhibition of vasoconstrictor molecules serves to modulate liver microcirculation,
mitigate portal hypertension and enable adaptation of hepatic blood flow to nutrient uptake [45,47].

141



Nutrients 2020, 12, 2598

3. TGR5 Regulation of Liver Health and Its Impact on Metabolic Disease

3.1. TGR5 and Glucose Regulation

Targeted disruption of TGR5 in mouse models of metabolic disease has identified a role for TGR5
signaling in the maintenance of whole body glucose homeostasis and insulin sensitivity. For instance,
Thomas et al., have shown that mice with a gain-of-function of TGR5 have improved glucose tolerance,
whereas whole body Tgr5−/− mice have impaired glucose tolerance during an oral glucose tolerance test
as compared to weight-matched, high fat diet (HFD)-fed controls [9]. Previous work has also shown
that whole body Tgr5−/− mice fed a HFD are more insulin-resistant than Tgr5+/+ mice, as assessed by
an insulin tolerance test [25]. Furthermore, TGR5 agonists have been shown to ameliorate glucose
intolerance and improve insulin resistance in obese and diabetic mice [9,13,27–29,48]. Treatment of
diet-induced obese (DIO) mice with INT-777, a semi-synthetic TGR5 agonist, has been shown to promote
GLP-1 secretion from L-cells, improve insulin sensitivity in liver and muscle and decrease hepatic
glucose production [9]. Compound 18, a potent and highly-specific TGR5 agonist, has been shown to
robustly induce GLP-1 secretion and improve glucose tolerance in HFD-fed Tgr5+/+ mice, but not in
whole body Tgr5−/− mice [30]. Similarly, chronic treatment with oleanolic acid, an extract from Olea
europaea and a TGR5 agonist, decreased fasting plasma insulin concentrations and improved glucose
tolerance in mice [29]. These results also have translational relevance in humans, as a trend towards
reduced hyperglycemia and elevated GLP-1 secretion was also seen in a group of patients with type 2
diabetes who received a high dose of the TGR5 agonist, SB-756050 [35]. Additionally, Potthoff et al.,
reported that treatment of DIO mice with the bile acid sequestrant, colesevelam, significantly reduced
hyperinsulinemia and improved glucose tolerance through a decrease in hepatic glucose production,
an effect that was absent in whole body Tgr5−/− mice [49]. Until recently, the effect of TGR5 signaling
to improve glucose tolerance and insulin sensitivity has been attributed primarily to its effects on
mitochondrial function in adipose tissue and GLP-1 secretion from enteroendocrine L cells, leading to
insulin release from the pancreas (Figure 2A) [9,13,16,17,34,50].

However, since the liver is central to whole body glucose regulation, this suggests that hepatic
TGR5 signaling may be a critical contributor to the overall metabolic benefits of TGR5. Therefore,
we administered Compound 18 to hepatocyte-specific TGR5 knockout mice to assess the role of
hepatocyte TGR5 on glucose regulation [30]. We found that administration of Compound 18 improves
glucose tolerance and insulin sensitivity in HFD-fed Tgr5HEP+/+ mice, but not in Tgr5Hep−/− mice.
Furthermore, we found that this effect occurred independent of body weight and GLP-1 secretion [24].
Therefore, our findings demonstrate that TGR5 agonists improve glucose homeostasis through
an additional, novel mechanism specific to hepatocyte TGR5 signaling (Figure 2A). However,
the mechanisms through which hepatocyte TGR5 signaling improves glucose tolerance remain
undefined. Further understanding of how liver TGR5 regulates glucose homeostasis is warranted but
will necessitate further cell-type specific in vivo studies of hepatic TGR5 function.

3.2. TGR5 and Hepatic Bile Acid Metabolism

Alterations in bile acid homeostasis have been linked to the pathogenesis of insulin resistance
and obesity [51–55]. Increased bile acid profile hydrophobicity and increased 12-α-hydroxylated bile
acids [56], are associated with insulin resistance and type 2 diabetes in humans [57]. Conversely,
administration of hydrophilic bile acids, such as ursodeoxycholic acid (UDCA), has been shown to
improve insulin sensitivity in mouse models and patients with type 2 diabetes [58–60]. Therefore,
understanding bile acid profile regulation may enable targeting of endogenous bile acid profile for the
treatment of metabolic disease. To this end, a growing body of literature has highlighted the role of
TGR5 in regulating bile acid profile. Mice with TGR5 ablation have a decreased total bile acid pool
size [2,22,31], increased 12-α-hydroxylated bile acids and increased hydrophobic bile acids [26,31].
For example, Pean et al., found that whole body Tgr5−/− mice exhibited more hydrophobic biliary,
circulating, and hepatic bile acid pool compositions, as well as decreased muricholic acid (MCA)/CA
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ratios in both the plasma and liver, as compared to wild-type controls [44]. Furthermore, Donepudi et al.,
previously found that whole body Tgr5−/− mice had an increased ratio of 12-α-hydroxylated bile acids
to non-12-α-hydroxylated bile acids, which was specifically characterized by increased taurocholic acid
(TCA) and decreased tauromuricholic acid (TMCA) [26]. Similarly, we reported that TGR5 signaling
decreases circulating bile acid profile hydrophobicity following vertical sleeve gastrectomy (VSG) in
mice, which was associated with a TGR5-dependent improvement in glucose tolerance [33]. The results
of these studies suggest that TGR5 may play an important role in altering bile acid composition,
specifically through a reduction in 12-α-hydroxylated bile acids. However, as bile acids are known to
regulate lipid, glucose and energy homeostasis through activation of both FXR and TGR5, Pathak et al.,
administered INT-767, a dual FXR and TGR5 agonist, OCA, an FXR agonist, and INT-777, a TGR5
agonist, to HFD-fed mice to assess the effects of FXR and TGR5 signaling, alone and in combination,
on hepatic bile acid metabolism [7]. INT-767 decreased TCA and CA, but increased TMCA, resulting in
a decrease in hydrophobicity of the gallbladder bile acid pool [7]. Furthermore, INT-767 was most
effective at improving hepatic insulin signaling and hepatic bile acid, lipid, and glucose metabolism [7].
Overall, these studies suggest that decreasing bile acid pool hydrophobicity through increased TGR5
signaling has the potential to improve hepatic glucose metabolism and hepatic insulin signaling;
and further, that the most therapeutically efficacious way to do so may be the combinatorial targeting
of TGR5 and FXR.

However, the mechanisms by which TGR5 regulates bile acid pool composition are not completely
understood. Several studies have identified a role for TGR5 in modulating expression of the enzymes
that regulate bile acid synthesis in the liver. CYP7A1 is the rate-limiting enzyme for hepatic bile acid
synthesis and CYP8B1 is the hepatic enzyme required for the synthesis of 12-α-hydroxylated bile
acids. Donepudi et al., reported that hepatic Cyp7a1 expression was similar between whole body
Tgr5+/+ and Tgr5−/− mice, but that fasting induction of hepatic Cyp8b1 was attenuated in whole body
Tgr5−/− mice [26]. Similarly, we previously reported that the decrease in circulating bile acid profile
hydrophobicity following VSG in mice was associated with a TGR5-dependent reduction in hepatic
CYP8B1 protein expression, with no effect on CYP7A1 expression [33]. In line with this, Pathak et al.,
found that treatment of mice with OCA (an FXR-specific agonist) or INT-767 resulted in decreased
hepatic Cyp7a1 and Cyp8b1 expression, whereas treatment with INT-777 only decreased hepatic
Cyp8b1 expression [7]. Together, these studies suggest that one mechanism through which TGR5
may regulate bile acid profile is through the selective downregulation of hepatic Cyp8b1 expression
(Figure 2B). Moreover, Donepudi et al., also reported a decrease in liver Cyp7b1 and Cyp27a1 levels,
enzymes involved in the alternative pathway of bile acid synthesis, in whole body Tgr5−/− mice [26].
Similarly, Pathak et al., reported that treatment of DIO mice with INT-767 stimulates expression of
Cyp7b1 and Cyp27a1 [7]. These findings suggest that TGR5 signaling may also upregulate the alternative
pathway of bile acid synthesis, which reduces TCA and CA and increases TMCA, thereby decreasing
the hydrophobicity of the bile acid pool (Figure 2B).

Another potential mechanism whereby TGR5 signaling regulates bile acid profile is through
the selective reabsorption of hydrophobic bile acids through the biliary epithelium, a process
called cholehepatic shunting. This hypothesis first gained traction when TGR5 was detected in
colocalization with the apical sodium-dependent bile acid transporter (ABST) in gallbladder epithelial
cells. Upon activation of TGR5, the subsequent increase in cAMP resulted in insertion of ABST into the
apical membrane, leading to enhanced uptake of bile acids from bile into biliary epithelial cells [23].
Through this direct reabsorption into biliary epithelial cells, this shunt is hypothesized to restrict the
hydrophobicity of the bile acid pool through the selective reabsorption of secondary bile acids [61].
To this end, Jourdainne et al., reported that through increased gallbladder dilation, TGR5 signaling
may favor cholehepatic shunting, thereby increasing the ratio of primary to secondary bile acids [62].
However, the precise signaling and molecular mechanism operating this shunt remain to be explored.
Overall, these studies provide ample evidence for a role of TGR5 signaling in the regulation of bile

143



Nutrients 2020, 12, 2598

acid profile; however, the mechanisms through which this occurs remain incompletely understood and
requires further study in tissue-specific knockout mouse models.

3.3. TGR5 and Hepatic Inflammation

Chronic inflammation is increasingly recognized as a key driver of insulin resistance [63].
Metabolic diseases are often characterized by abnormal cytokine production, increased acute-phase
reactants, and activation of a network of inflammatory signaling pathways. Of note, the architectural
organization of the liver is such that the metabolic cells, hepatocytes, are in close proximity to the
immune cells, the Kupffer cells. This organization enables continuous and dynamic interactions
between the metabolic and immune cells of the liver. Thus, the chronic inflammatory signaling
associated with obesity promotes hepatic insulin resistance [64]. Moreover, under healthy conditions,
hepatic insulin receptor signaling downregulates expression of key gluconeogenic enzymes. Therefore,
in the presence of hepatic insulin resistance, endogenous hepatic glucose production is elevated,
which contributes to whole body glucose dysregulation. As a therapeutic drug target for treating
metabolic disease, TGR5 has been shown to have anti-inflammatory properties in the liver. For example,
in response to liver injury, whole body Tgr5−/− mice experience exacerbated inflammatory responses
and hepatic fibrosis compared to wild-type controls [65]. In line with this, various in vitro and
in vivo studies have highlighted the role of TGR5 in the suppression of macrophage and Kupffer cell
functions in response to bile acid treatment or stimulation by TGR5 agonists [1,15,20]. More specifically,
in Kupffer cells and macrophages, TGR5 signaling leads to activation of a cAMP-dependent pathway
that decreases LPS-induced cytokine expression and the NF-κB-dependent inflammatory response,
thereby reducing hepatic inflammation [15,20]. This is particularly relevant to the therapeutic potential
of TGR5 agonists as inhibition of NF-κB related inflammation has been shown to improve glucose
tolerance in vivo [66]. Together, these studies suggest that the anti-inflammatory properties of hepatic
TGR5 signaling may protect against the development and progression of hepatic insulin resistance to
ultimately improve whole body glucose regulation (Figure 2C).

3.4. TGR5 and Bariatric Surgery

Bariatric surgery is currently the most effective treatment for obesity and is associated with
high rates of T2DM remission [67,68]. Many of the early metabolic benefits of bariatric surgery,
including improved insulin and glucose handling, occur prior to significant weight loss [67], which
suggests that other hormonal or metabolic mediators may be driving these effects. Bariatric surgery has
been shown to increase circulating bile acid concentrations in both humans and rodent models [33,69,70],
which has led to the hypothesis that enhanced bile acid signaling may underlie the metabolic
benefits of bariatric surgery. The role of bile acid signaling in bariatric surgery has been previously
reviewed [71–73]. Here, however, we have focused on the role TGR5 in the effects of bariatric surgery
on hepatic metabolism. Various studies have reported TGR5-dependent improvements in glucose
tolerance following bariatric surgery, which was associated with improved hepatic insulin signaling
(Figure 2D) [33,74]. For example, Ding et al., reported a TGR5-dependent improvement in whole body
insulin sensitivity, as assessed by hyperinsulinemic-euglycemic clamp, as well as markedly suppressed
hepatic glucose production following VSG in mice [74]. These results suggest that suppression of
hepatic glucose production and elevation of peripheral glucose utilization both contributed to improved
insulin sensitivity in their model. Similarly, our lab reported a TGR5-dependent improvement in
hepatic insulin signaling following VSG in mice; and further, that this effect was associated with
reduced hepatic inflammatory cytokine expression, suggesting that reduced inflammation improved
hepatic insulin signaling to improve glucose tolerance [33]. Additionally, similar to the effect of TGR5
on the beneficial outcomes of VSG, Ryan et al., reported that FXR contributes to improvements in
weight loss and glycemic control following VSG in mice [75], which provides further support for a
combinatorial role of TGR5 and FXR in regulating whole body metabolism. However, additional
studies in tissue-specific mouse models are needed to identify the cell-type(s) driving these metabolic
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benefits. Comparatively, Albaugh et al., detected a TGR5-independent improvement in glucose
tolerance following bile diversion to the ileum (GB-IL) in mice, in which improvements in glucose
tolerance following GB-IL was primarily due to a TGR5-independent effect of bile acids on improved
hepatic insulin sensitivity [76]. Conversely, the results on the role of TGR5 in the metabolic benefits of
Roux-en-Y gastric bypass (RYGB) have been mixed [77,78]. Zhai et al., suggest that ileal deoxycholic
acid-TGR5-mTORC1 signaling contributes to increased GLP-1 production following RYGB in mice [78].
In contrast, Hao et al., reported similar improvements in glucose tolerance and insulin resistance,
as assessed by insulin tolerance testing, in whole body Tgr5+/+ and Tgr5−/− mice following RYGB [77].
Overall, the differential effects of whole body TGR5 signaling on hepatic metabolic outcomes following
bariatric surgery could stem from differences in the underlying mechanisms through which surgery
types improve metabolic regulation. Furthermore, this points to VSG as a particularly effective surgical
model for the assessment of how liver TGR5 signaling contributes to whole body metabolic regulation
(Figure 2D).

Figure 2. TGR5 signaling in hepatic metabolic regulation. (A) TGR5 signaling regulates glucose
homeostasis by increasing GLP-1 secretion from enteroendocrine L cells [9,16] and energy expenditure
in adipocytes [13]. TGR5 signaling also improves glucose tolerance through signaling in hepatocytes [24].
(B) TGR5 signaling decreases hepatic CYP8B1 expression, leading to a decrease in the production of
12-α-hydroxylated bile acids [26,33], and upregulates the alternative pathway of bile acid synthesis,
thereby decreasing bile acid profile hydrophobicity [7,26]. (C) TGR5 signaling may protect against
non-alcoholic fatty liver disease (NAFLD) by reducing hepatic cytokine expression in Kupffer cells [15,20]
and decreasing hepatic lipid deposition [9,27], which together, attenuate hepatic insulin resistance.
TGR5 signaling also decreases serum AST and ALT concentrations [9], as well as hepatic fibrosis [9],
ultimately improving hepatic function. (D) TGR5-dependent improvements in glucose tolerance
following bariatric surgery depend on surgery type. Vertical sleeve gastrectomy (VSG) results in
decreased hepatic glucose production and inflammation, and increased hepatic insulin signaling [33,74].
Following gallbladder bile diversion to the ileum (GB-IL), there is no TGR5-dependent improvement in
insulin sensitivity [76]. Roux-en-Y gastric bypass (RYGB) has no TGR5-dependent effect on glucose
tolerance [77].
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4. TGR5 and Hepatic Lipid Metabolism

Non-alcoholic fatty liver disease (NAFLD) is a common co-morbidity of obesity and develops due
to an accumulation of lipid in the liver. NAFLD can progress to non-alcoholic steatohepatitis (NASH),
characterized by inflammation, progressive fibrosis, and hepatocellular damage and can eventually
progress to cirrhosis or hepatobiliary cancer. Loss of TGR5 signaling has been shown to promote liver
lipid deposition in preclinical studies, suggesting that TGR5 signaling may protect against NAFLD.
For example, HFD-fed male whole body Tgr5−/− mice exhibit increased liver lipid deposition compared
with male wild-type mice. Furthermore, HFD-fed male whole body Tgr5−/− mice exhibit increased
liver lipid deposition compared with female whole body Tgr5−/− mice, suggesting that the effect of
TGR5 signaling on liver lipid deposition may be influenced by sex [25].

Studies investigating the effects of TGR5 agonists on NAFLD further demonstrate a role for TGR5
in protection against liver lipid deposition. Treatment of HFD-fed mice with INT-777 decreased plasma
free fatty acids and liver steatosis, liver fibrosis and plasma AST and ALT levels [9]. Similarly, the TGR5
agonist, RDX8940, was shown to decrease liver weight and hepatic triglyceride and cholesterol levels
in mice fed a Western diet [27]. Moreover, dual agonists of TGR5 and FXR protect against NAFLD.
For example, treatment of DIO mice with INT-767 decreased hepatic and serum triglycerides and
cholesterol levels in mice [7]. Similarly, long-term administration of INT-767 decreased serum AST
and ALT concentrations, as well as decreased hypoxia, lipid accumulation, collagen deposition and
mononuclear cell infiltrates in the livers of a rabbit model of HFD-induced metabolic syndrome [79].
Furthermore, INT-767 treatment reduced expression of liver pro-inflammatory genes, as well as genes
related to de novo lipogenesis, and promoted expression of anti-inflammatory genes and genes related
to lipid uptake [79]. In line with this, ob/ob mice on a HFD supplemented with trans-fat, cholesterol,
and fructose treated with INT-767 exhibited a greater decrease in liver parenchymal fibrosis and
inflammatory infiltrates compared to mice treated with OCA [80]. Moreover, treatment of mice on
HFD supplemented with fructose with BAR502, another dual FXR and TGR5 agonist, reduced hepatic
steatosis, inflammation and fibrosis [81]. Although we cannot discern the contribution of TGR5 to the
beneficial metabolic effects of dual TGR5/FXR agonists on hepatic function, these findings suggest
that the combinatorial targeting of FXR and TGR5 is a promising therapeutic modality for improving
hepatic function.

Studies in mouse models of bariatric surgery report conflicting results on the role of TGR5
in the effect of bariatric surgery to reduce liver lipid deposition. Ding et al., reported that VSG
decreased hepatic steatosis in wild-type but not in whole body Tgr5−/− mice [74]. In contrast, our lab
reported TGR5-independent improvements in hepatic triglyceride content following VSG in mice [33].
The discrepancy between these findings could be explained by differences in the whole body Tgr5−/−
mouse models used, duration of HFD-feeding, and variation in diet composition in each study [74].

Overall, these findings suggest that enhanced TGR5 signaling attenuates hepatic triglyceride
accumulation and fibrosis, and improves liver function; however, the mechanisms through which
this occurs remain unknown (Figure 2C). Further work is needed to address this limitation to more
completely harness the therapeutic potential of TGR5 in patients with NAFLD. Moreover, these studies
suggest that, similar to the regulation of bile acid profile, the combinatorial targeting of TGR5 and FXR
may provide the most therapeutic utility.

5. Negative Side-Effects of Enhanced Hepatic TGR5 Signaling

Therapeutic targeting of TGR5 for the treatment of metabolic disease has been hindered by the
wide range of effects associated with systemic TGR5 activation. In particular, a major side effect of
TGR5 agonists is the inhibition of gallbladder emptying, leading to gallstone formation and cholestasis.
TGR5 is highly expressed in the gallbladder and cholangiocytes [23]. TGR5 signaling stimulates
relaxation of gallbladder smooth muscle cells to induce gallbladder filling [43]. Several studies have
reported that the oral administration of the TGR5 agonists, such as INT-777, LCA, oleanolic acid,
Compound 23g, Compound 18, and RO552739, increase biliary bile flow and gallbladder filling in
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wild type mice [24,28,29,31,82,83]. In line with this, several studies have reported reduced gallbladder
volumes and reduced bile flow in whole body Tgr5−/− mice relative to wild-type controls [31,43].
However, whole body Tgr5−/− mice are protected against the formation of cholesterol crystals and
gallstones when fed a lithogenic diet [22], which suggests that the continual build-up of bile in the
biliary tract has the potential to cause cholestasis and indirect liver injury. Therefore, despite the robust
metabolic benefits associated with hepatic TGR5 signaling, chronic stimulation of TGR5 within the
biliary tract complicates the task of developing a safe and efficacious TGR5 agonist (Figure 3).

Figure 3. Positive and negative effects of elevated hepatic TGR5 signaling. Within the liver,
TGR5 activation by TGR5-specific agonists and/or bile acids leads to beneficial metabolic outcomes,
including improved glucose tolerance [24] and decreased hepatic inflammation [15,20]. However,
TGR5 signaling in the biliary tract and gallbladder results in increased bile flow, gallbladder filling,
and gallstone formation [22,24,28,29,31,82,83], as well as increased cholangiocyte proliferation and
hepatic cystogenesis [84].

TGR5 expression in the biliary tract is also crucial for protection against bile acid overload.
For example, TGR5 signaling strengthens the biliary epithelial barrier resulting in decreased hepatocyte
necrosis in the presence of obstructive cholestasis in mice [42]. In contrast to this protective role,
TGR5 activation in the biliary tract has been shown to contribute to the development of polycystic liver
disease and cholangiocarcinoma [6,84]. Whole body Tgr5−/− mice exhibit decreased cholangiocyte and
hepatocyte proliferation and increased liver injury in response to cholestatic stress [6]. In addition,
taurolithocholic acid and oleanolic acid stimulation of TGR5 in vitro and in vivo have been shown
to promote cholangiocyte proliferation through TGR5-dependent increases in cAMP production.
However, this increased proliferation was accompanied by increased hepatic cystogenesis and the
development of polycystic liver disease (Figure 3) [84]. Comparatively, treatment of cultured cystic
cholangiocytes with the TGR5 antagonist, SBI-115, decreased proliferation, cholangiocyte spheroid
growth and cAMP levels [84], suggesting that TGR5 inhibition may be a promising therapeutic
approach to polycystic liver disease and treating malignant cholangiocytes. Therefore, while the
proliferative and anti-apoptotic properties of TGR5 are crucial for hepatoprotection under conditions
of bile acid toxicity, it also impedes the regulation of malignant cholangiocytes, which may lead to an
increased risk of developing cholangiocarcinoma and liver cancer [6]. To this end, the negative effects
of TGR5 agonists on cholestasis, cholangiocyte proliferation, and hepatic cystogenesis decreases the
enthusiasm of therapeutically targeting TGR5 to treat liver disease (Figure 3).
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6. Conclusions

In light of the ubiquitous expression of TGR5 throughout the liver, hepatic TGR5 signaling
is increasingly recognized as a key contributor to whole body metabolic regulation. Nevertheless,
the wide range of effects associated with liver TGR5 signaling complicates therapeutic targeting of
TGR5. Further delineation of the downstream mediators of TGR5 signaling in the liver is needed to
enable rational development of compounds targeting mediators of the metabolically beneficial actions
of TGR5 in the liver. Such a compound could be coupled with an GLP-1 receptor agonist to develop a
highly effective multimodal therapy for the treatment of type 2 diabetes.
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Abstract: The purpose of this study was to conduct a literature review to examine micronutrient
deficiencies in laparoscopic sleeve gastrectomy. We conducted a literature review using PubMed
and Cochrane databases to examine micronutrient deficiencies in SG patients in order to identify
trends and find consistency in recommendations. Seventeen articles were identified that met the
defined criteria. Iron, vitamin B12 and vitamin D were the primary micronutrients evaluated. Results
demonstrate the need for consistent iron and B12 supplementation, in addition to a multivitamin,
while vitamin D supplementation may not be necessary. Additional prospective studies to establish a
clearer picture of micronutrient deficiencies post-SG are needed.

Keywords: laparoscopic sleeve gastrectomy; micronutrients; deficiency

1. Introduction

Sleeve Gastrectomy (SG) represented the most frequently performed bariatric procedure in the
U.S. in 2017, with rates of bariatric surgery as follows: 59.4% SG, 17.8% Roux-en Y Gastric Bypass
(RYGB), 2.8% Laparoscopic Adjustable Gastric Banding (LAGB) and 0.7% Biliopancreatic Diversion
with Duodenal Switch (BPD-DS) [1]. SG was previously considered a purely restrictive procedure
which was used as a first stage surgery before BPD-DS [2]. A study from 2015 demonstrated that
SG resulted in the same level of micronutrient deficiency as gastric banding, a purely restrictive
procedure [3]. Since becoming a standalone procedure, SG has quickly become a preferred treatment
option. In addition to being a restrictive procedure, sleeve gastrectomy is hypothesized to reduce the
hormone ghrelin, which increases hunger [4]. SG is now considered a safe procedure that results in
substantial and sustained weight loss, reduction of comorbidities and improvements in quality of
life [4]. Moreover, the risk associated with SG is considered to be lower than RYGB [5].

In SG, a gastric tube (sleeve) between 50 and 200 cc in volume is created while the remainder of
the stomach is excised [6]. SG has the advantage over other operations of preserving the pylorus of the
stomach, thereby avoiding dumping syndrome [7,8]. By eluding the intestinal bypass of the DS and

Nutrients 2020, 12, 2896; doi:10.3390/nu12092896 www.mdpi.com/journal/nutrients

155



Nutrients 2020, 12, 2896

RYGB, many complications are avoided, resulting in a lower mortality rate [8–10]. The procedure is
safer than other complicated malabsorptive surgeries such as RYGB and BPD-DS and more effective
than purely restrictive procedures such as LAGB [11]. Early studies suggested that, unlike RYGB,
SG presented no risk for micronutrient deficiency [8,9,12]. More recently, many studies have noted
measurable postoperative deficiencies in vitamin B12, vitamin D, iron and folate [9,13–20]. However,
disagreements exist about the extent of the postoperative micronutrient deficiencies, the benefits and
timing of supplementation and their correlation with preoperative health. Prior to surgery, patients
with obesity have a higher incidence of micronutrient deficiencies than the population at large due to
the reduced bioavailability of nutrients associated with obesity [21].

Several factors contribute to micronutrient deficiencies in patients who have undergone SG: the
reduction in stomach size which results in decreased food intake, a decrease in ghrelin and other
gastrointestinal (GI) hormones that reduce appetite, a decreased tolerance of some foods and a reduced
metabolism of certain micronutrients, in part due to the loss of intrinsic factor [22]. Moreover, the
recommendations for supplementation for SG patients that currently exist are not consistent and often
based on data from patients who underwent RYGB and are not unique to SG patients [23]. As such, the
purpose of this paper is to review and analyze the findings on micronutrient deficiencies in patients
undergoing SG, as a comprehensive review of micronutrient deficiencies for this procedure is lacking.

2. Materials and Methods

A literature review was conducted to examine micronutrient deficiencies in SG patients in order
to identify trends and determine consistency in recommendations. PubMed and Cochrane database
searches were conducted from January 2009 to March 2020 to locate the relevant literature. The
key words used were the following: “Sleeve Gastrectomy”, “Micronutrient Deficiency”, “Vitamin D
deficiency”, “Vitamin B12 deficiency”, “Iron deficiency” “Bariatric” and “Deficiencies”. Studies that
explicitly focused on micronutrient deficiencies while examining a cohort of patients were selected.
Studies often included data from patients undergoing RYGB, but only the data from SG patients were
extracted and included in the results. Review articles were excluded so that primary studies from
review articles could be examined. All values were expressed as mean (standard deviation). All studies
in the review cited below prescribed a daily multivitamin postoperatively. Specific postoperative
supplementation is described in each relevant section below.

A deficiency was defined as a serum plasma level measured below the reference range for normal.
Excess was defined as a serum plasma level above the reference range for normal. Normal levels
were defined based on the American Society for Metabolic and Bariatric Surgery Integrated Health
Nutritional Guidelines for the Surgical Weight Loss Patient 2016 Update: Micronutrients [24]. Normal
limits were as follows: iron (μg/dL) 60–170, ferritin (ng/mL) 12–300 (male) and 12–150 (female), Hb
(g/dL) 12–17, B12 (pg/mL) 200–1000, folate (ng/mL) 2.5–20 and vitamin D (ng/mL) 25–65. There was
some variation in the definition of the “normal” limits between studies; in some cases, these are either
described or discussed within the tables. The percent of patients with deficiencies were described
based on the parameters within each respective study.

3. Results

As shown in Table 1, 17 studies examined micronutrient deficiencies in SG patients. Sixteen out of
the 17 studies were conducted outside of the U.S., with approximately half (n = 9) being prospective
and half being retrospective (n = 8). The mean number of patients included in studies was 84.9 ranging
from 30 to 336 patients.
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Table 1. Articles reviewed.

Article
Number

Year Authors Reference #
Prospective vs.
Retrospective

Country # Patients

1 2009 Hakeam et al. [9] Prospective Saudi Arabia 61
2 2010 Gehrer et al. [11] Prospective Switzerland 50
3 2010 Aarts et al. [14] Prospective Netherlands 60
4 2011 Ruiz-Tovar et al. [25] Retrospective Spain 30
5 2011 Kehagias et al. [26] Prospective Greece 30
6 2012 Damms-Machado et al. [15] Prospective Germany 54
7 2012 Moize et al. [16] Prospective Spain 61
8 2012 Saif et al. [17] Retrospective USA 35
9 2012 Capoccia et al. [27] Prospective Italy 138

10 2013 Eltweri et al. [13] Retrospective UK 41
11 2013 Gjessing et al. [28] Retrospective Norway 125
12 2015 Belfiore et al. [29] Retrospective Italy 47
13 2015 Ben-Porat et al. [30] Retrospective Israel 77
14 2015 Lanzarini al. [31] Prospective Spain 96
15 2016 Al-Mulhim [18] Prospective Saudi Arabia 112
16 2016 Gillon et al. [19] Retrospective Norway 336
17 2016 Zarshenas et al. [20] Retrospective Australia 91

3.1. Iron and Ferritin

As shown in Table 2, individuals with obesity are frequently noted to be iron deficient prior to
bariatric surgery [9,11] Obesity can result in both an anemia of chronic disease and dysregulation of
iron uptake at the level of the enterocytes [32]. Studies have also found that iron deficiency anemia is
most likely due to a lack of gastric hydrochloric acid production and the inability to convert iron to a
more absorbable form postoperatively [19,23]. The presence of a postoperative iron deficiency could
be partially explained by a preoperative deficiency. Eleven of the 17 studies specifically examined
iron levels, and, of those, five studies revealed deficiencies in iron levels over time [9,11,14,15,17].
The majority of the studies reviewed did not describe additional iron supplementation, although
four studies specifically mentioned supplementation was provided beyond a multivitamin with
iron [11,16,17,29]. In the absence of iron supplementation, the operation itself can result in new
deficiencies, by either exacerbating those of deficient patients or creating new deficiencies in patients
who did not previously have them [33]. These deficiencies were not seen in later studies due to the
benefit of iron supplementation in those studies.

Table 2. Iron (%): Percentage (%) of patients with deficiencies at each postoperative visit.

Study Preop (%)
3 Months

(%)
6 Months

(%)
12 Months

(%)
24 Months

(%)
36 Months

(%)

Hakeam et al. 0 4.9 4.9
Gehrer et al. 3 2 12 16 18
Aarts et al. 43

Kehagias et al. 20 17.8
Damms-Machado et al. 29 39.3 37.9

Moize et al. 30.8 4.3 10.3 9.4
Saif et al. 6.6 3 10.5

Belfiore et al. 14.9 11.4 8.8
Ben-Porat et al. 40.4 27.7

Al-Mulhim 11.6 5.4 7.1
Zarshenas et al. 0 0 1 0 1

As shown in Table 2, the three studies that have the largest numbers of patients with iron deficiencies
do not describe a targeted approach to iron supplementation beyond multivitamins [14,15,26]. There
was no evidence to suggest that any of these studies had a larger number of women of childbearing
age who were menstruating (a group more likely to be iron deficient due to menstruation) versus
post-menopausal women, as these data were not reported. The supplementation regimens for these
studies are further described in Appendix A [14,15,26]. Out of the three studies that found the fewer
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patients with iron deficiency post-surgery [16–18], two clearly describe an iron supplementation
regimen, either with 160 mg of iron with 100% compliance or with iron supplementation in addition
to the multivitamin regimen described in other studies [16,17]. Notably, studies that demonstrate a
dedicated iron supplementation regimen and demonstrate lower levels of iron deficiency come in
later years after the American Society for Metabolic & Bariatric Surgery in 2013 recommended iron
supplementation for all bariatric patients [34].

Serum ferritin is an acute phase reactant that is a marker of decreased iron storage and iron
deficiency. Table 3 demonstrates that those studies which reported on serum ferritin found declining
serum ferritin levels post-surgery, and a number of studies reported that patients had ferritin
deficiencies [13,16,19,20,26,30]. An exception to this is Zarshenas and colleagues’ study [20], which
was also the only study that did not reveal an iron deficiency. When assessed, ferritin deficiency is
much more apparent in SG patients than iron deficiency. This may suggest that, even with normal iron
levels, these patients are still iron deficient, as serum ferritin gives a more accurate assessment of the
body’s total iron storage [35].

Table 3. Ferritin (%): Percentage (%) of patients with deficiencies at each postoperative visit.

Study Preop (%)
3 Months

(%)
6 Months

(%)
12 Months

(%)
24 Months

(%)
36 Months

(%)
60 Months

(%)

Kehagias et al. 3.3 17.8
Moize et al. 8.3 0 6.5 20.6
Eltweri et al. 8

Ben-Porat et al. 8.3 11.1
Gillon et al. 3.3 11.6 20 36.2

Zarshenas et al. 8 11 15 18 24

3.2. B12 and Folate

Fourteen studies examined B12 levels (Table 4) and demonstrated notable deficiencies in
post-bariatric surgery patients that increased over time. Folate, an important DNA precursor, was
examined in 13 studies (Table 5). Several studies treated patients with in-office intramuscular B12
injections postoperatively and dosages ranged 1000–3000 mcg. These studies [16,26,29] had a lower rate
of patients with B12 deficiencies compared to the other studies without a comparable supplementation
regimen. In-office intramuscular injection appeared to eliminate issues related to adherence to vitamin
regimens. Moreover, those with poor adherence to a supplementation regimen demonstrated higher
levels of vitamin B12 deficiencies at 12 months postoperatively [19]. Patients who received aggressive
folic acid regimens had fewer vitamin B12 deficiencies over time [30]. Appendix A also lists additional
notes from the studies that were reviewed.

Table 4. Vitamin B12: Percentage (%) of patients with deficiencies at each postoperative visit.

Study Preop (%)
3 Months

(%)
6 Months

(%)
12 Months

(%)
24 Months

(%)
36 Months

(%)
60 Months

(%)

Hakeam et al. 8.1 19.6 26.2
Gehrer et al. 3 2 12 14 14
Aarts et al. 9

Ruiz-Tovar et al. 0 0 0 0 0
Kehagias et al. 3.3 3.5

Damms-Machado et al. 9.3 4.8 9.8 17.2
Moize et al. 2.7 3.7 3.2 5.9 12.5

Saif et al. 2.9
Eltweri et al. 20
Belfiore et al. 10.7 9 6

Ben-Porat et al. 11.7 16.7
Al-Mulhim 1.8 7.1 14.3
Gillon et al. 6.5 19 12.8 3.8

Zarshenas et al. 1 3 0 0 0
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Table 5. Folate: Percentage (%) of patients with deficiencies at each postoperative visit.

Study Preop (%)
3 Months

(%)
6 Months

(%)
12 Months

(%)
24 Months

(%)
36 Months

(%)
60 Months

(%)

Hakeam et al. 0 6.5 9.8
Gehrer et al. 3 10 16 20
Aarts et al. 15

Ruiz-Tovar et al. 3.3 0 0 0 0
Kehagias et al. 0 0

Damms-Machado et al. 5.5 9.5 9.8 13.8
Saif et al. 1 8.8 0 5.5

Gjessing et al. 23 8
Belfiore et al. 1 19.1 29.6 11.8

Ben-Porat et al. 1 40.5 21.4
Al-Mulhim 0.9 5.4 6.25
Gillon et al. 8.8 12.3 7.6 10.6

Zarshenas et al. 0 0 0 0 0
1 Additional iron supplementation for patients, further described in Appendix A.

3.3. Vitamin D and Calcium

As seen in Table 6, almost all of the studies report a decrease in the proportion of patients with
vitamin D deficiencies postoperatively as early as six months postoperatively, sustained until 24
months [11,14,25]. Results from studies with a longer follow up period reveal an increased number
of patients with vitamin D deficiencies at 24- and 36-month follow-up [16,17]. It is not clear why
more two- and three-year follow-ups demonstrated an increase in deficiencies, but patients with
SG often begin regaining weight at the 24-month mark [36]. Notably, the three studies with the
largest declines in the number of patients with vitamin D deficiencies postoperatively did not show
dedicated vitamin D supplementation regimens beyond a multivitamin postoperatively [18,19,29].
For example, in one intervention, Lanzarini and colleagues provided 16,000 IU calcifediol to patients
with preoperative vitamin D deficiencies and no additional supplementation for patients without
preoperative deficiencies [31]. Their results reveal that, by 24-month postoperative follow-up, the
intervention group (16,000 IU calcifediol for deficient patients) and non-intervention group (baseline
multivitamin supplementation for all patients) had similar levels of vitamin D deficiency. In other
words, as long as patients did not have a vitamin D deficiency preoperatively, additional vitamin
D supplementation was not necessary to achieve satisfactory results. Notably, this is in contrast to
RYGB patients where the intervention group benefitted significantly [31]. However, in a study where
appropriate supplementation was given, fewer patients were deficient at four-year follow-up in both
SG and RYGB groups [37]. Appendix A also lists additional notes regarding supplementation from the
studies that were reviewed.
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Table 6. Vitamin D: Percentage (%) of patients with deficiencies at each postoperative visit.

Study Preop (%)
3 Months

(%)
6 Months

(%)
12 Months

(%)
24 Months

(%)
36 Months

(%)
60 Months

(%)

Gehrer et al. 23 6 22 28
Aarts et al. 39

Ruiz-Tovar et al. 96.7 13.2 3.3 3.3 3.3
Kehagias et al.

Damms-Machado et al. 83 76.2 70.7 70.4
Moize et al. 90 22.7 37 66.7

Saif et al. 75 34 55
Capoccia et al.
Eltweri et al. 81

Gjessing et al. 47 49
Belfiore et al. 31.9 20.5 11.8

Ben-Porat et al. 97.9 93.6
Lanzarini al. 100 40.9 13.6

Lanzarini al. 1 0 28.1 15
Al-Mulhim 60 21 8.9
Gillon et al. 20.4 4.9 8.2 6.7

Zarshenas et al. 46 25 14 19 20
1 Vitamin D intervention group.

4. Discussion

The purpose of this study was to conduct a comprehensive review of the literature on micronutrient
deficiencies in post-SG patients. Past reviews have focused on other bariatric procedures, and, to our
knowledge, this is the first review to focus exclusively on SG [38]. In terms of iron supplementation,
based on the results from these 17 studies, it appears that post-bariatric surgery supplementation with
iron beyond a multivitamin resulted in the fewest deficiencies [9,18,20]. This is due to the prevalence
of postoperative proton pump inhibitor (PPI) use and a reduction in hydrochloric acid production after
the SG, which prevents conversion of the iron supplement to the absorbable ferrous form [14,23]. Iron
supplementation can be optimized when taken with vitamin C or citrus fruit to allow the conversion of
iron to its most absorbable form [39]. Postoperatively, patients have decreased inflammatory markers
and a hypothesized upregulation of iron uptake in the small bowel [40]. As such, based on the studies
that were reviewed [11,16,30], it appears that supplementation with iron will aid in decreasing iron
deficiencies post-SG.

Vitamin B12 deficiencies are expected post-SG due to the resection of the fundus and the loss of
intrinsic factor produced by parietal cells, which are essential in the absorption of B12 [11,14,15,40].
Vitamin B12 and folic acid both need gastric acid to be properly released from food [14]. Gastric
acid is reduced by means of the gastrectomy and also proton pump inhibitors use postoperatively.
While evidence to suggest a link between bariatric surgery and adverse neonatal outcomes is weak
and inconclusive, women of childbearing age should optimize folate levels, as deficiencies may be
related to neural tube defects [9,15,41]. Folate deficiencies are possibly caused by food choices rather
than a mechanism related to surgery [14,42]. Folate stores are depleted within months unlike vitamin
B12, which can be stored in the liver for 1–2 years [14,15,19]. As such, folate deficiencies are likely to
appear earlier than B12 deficiencies due to the difference in the body’s storage capacity. Studies with
aggressive B12 and folic acid regimens postoperatively, as well as the use of large dose intra-muscular
doses for vitamin B12 deficiencies demonstrate the most beneficial outcomes for patients [9,16,26].
Intramuscular dosing of B12 allows direct uptake into the blood stream and avoids the problems of
absorption created by post-SG anatomy. Additionally, when deficiencies were corrected preoperatively,
there were lower rates of deficiency postoperatively [18].

Patients with obesity may suffer from vitamin D deficiency due to the sequestration of vitamin D
in the fat, decreased sun exposure, sedentary lifestyle and the psychological component of covering
more skin [18,20,28,43]. Sufficient sunlight is important for adequate levels of vitamin D, and
patients with more adipose tissue are less likely to engage in activities such as sunbathing where
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skin is exposed [44]. Vitamin D is a fat-soluble vitamin that requires lipids absorption for proper
uptake into the body and poor lipid absorption can result in vitamin D deficiencies. The vitamin D
deficiencies found in postoperative patients may also explain secondary hyperparathyroidism, which
was found in 39% of patients [14,15]. Vitamin D is negatively correlated with body fat, as patients
with obesity have difficulty metabolizing and storing this nutrient properly [45]. As such, many of
these issues seem to resolve with postoperative weight loss. Overall, additional research regarding
the benefits of vitamin D supplementation is warranted to determine whether aggressive vitamin D
supplementation beyond a multivitamin is indicated in SG patients. Studies that demonstrated very
high rates of vitamin D deficiency postoperatively also had high rates preoperatively, and studies
in which vitamin D deficiencies were corrected through supplementation preoperatively did not
show high rates of deficiency postoperatively [18]. Since vitamin D levels can vary based on skin
tone and environmental sunlight exposure [46], it is essential that health care providers are aware of
patients’ race/ethnic background and geographic location when making vitamin D supplementation
recommendations. Overall, the majority of the studies found vitamin D deficiencies did not develop
de-novo postoperatively and improved with supplementation [15,25,31,37]. Vitamin D has been
observed as the vitamin most often deficient prior to surgery in patients with obesity [47].

As demonstrated in this review, there is a dearth of research examining micronutrient deficiencies
post-SG. Moreover, the efficacy of multivitamin supplementation post-SG, although nearly universally
utilized, seems to be poor in short-term follow up [48]. This may be partially due to poor patient
adherence in the long term [49], but lack of specific and targeted interventions appear to also play a
role. Overall, results from this review indicate that there is a need for prospective, longitudinal studies
to better understand how various interventions impact postoperative deficiencies. As both vitamin B12
and vitamin D deficiencies decrease when corrected preoperatively, clear guidelines for preoperative
supplementation and prospective studies to affect their efficacy should be explored.

For vitamin B12 supplementation, intramuscular injections should be examined. Such in-office
injections reduce issues related to adherence to vitamin regimens and avoid the need for intrinsic factor
that is lost during bariatric surgery. Related to this is that there is a need to develop guidelines related to
decision-making about the feasibility and efficacy of in-office versus at-home supplementation
for vitamin B12 and folate. Results from the studies that were reviewed reveal that vitamin
D supplementation regimens beyond a multivitamin postoperatively were not needed to reduce
postoperative deficiencies [18,19,29]. As such, additional studies examining the need for aggressive
vitamin D supplementation postoperatively should be conducted. In a recent study, a specialized
vitamin resulted in fewer de-novo micronutrient deficiencies in long-term follow-up than a more basic
multivitamin, and recommendations about the type of specialized multivitamin that is best suited
for patients who undergo SG should be explored [50]. Overall, there is a need to conduct additional
research studies regarding micronutrient supplementation post-SG in order to develop and augment
current guidelines about the timing, dosage and type of supplementation recommended.

Limitations of this review include the fact that the majority of these studies were conducted
outside of the U.S. and that many of them had a short follow-up period. In addition, there were
variations between the studies in the study design, vitamin supplementation and location that, at
times, made it difficult to compare outcomes across studies.

5. Conclusions

Current micronutrient supplementation guidelines published by the British Obesity and Metabolic
Surgery Society and the American Society for Metabolic & Bariatric Surgery in 2020 and 2019,
respectively, will be augmented by this comprehensive review of micronutrient deficiencies in SG
patients [51,52]. Between these sets of guidelines, only the latter focuses on recommendations
specifically for SG patients and notes weakness in evidence of vitamin recommendations for these
patients when compared to other procedures. We hope this review can help support future revisions
of guidelines and highlight the need for prospective studies. In particular, we hope that prospective
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studies can be conducted within the U.S. to appropriately address this patient population. This
is critically important because utilizing data from other countries with regards to micronutrient
deficiencies may lead to inaccurate recommendations due to the tremendous variation in diet and
eating habits between countries, as well as regions of the world with different environments that may
also affect micronutrient intake and absorption.
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Appendix A

Table A1. Additional information describing supplementation regimens for each study cited above.

Article # Authors Iron and Ferritin B12 Folate Vitamin D

1 Hakeam et al.

All patients who
received
omeprazole postop
developed iron
deficiency.

Patients with preop
B12 deficiency
given 1000 mcg
intramuscular
injection 1 day
postop.
6 months postop, 6
patients received
1000 mcg IM for
two months.
9 of 16 patients
who developed
B12 deficiency
used omeprazole
for at least 6
months postop.

0.2 mg folic acid, 12
mcg
cyanocobalamin.
No notes on
compliance

2 Gehrer et al.

100% of iron
deficiency treated
with IV injection of
iron-III-hydroxide

Postop, 80% of B12
deficiency
successfully treated
with IM.

100% of Vitamin D
deficiency treated
with 300,000 IE of
oily suspension
cholecalciferol.
Secondary
hyperparathyroidism
treated with
normal Vitamin D
supplementation.

3 Aarts et al.

Multivitamin 3×
daily.
No notes on
compliance.

4
Ruiz-Tovar et

al.

Multivitamin daily.
No notes on
compliance.

5 Kehagias et al.
B12 supplement IM
1000–3000 if
deficient preop.
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Table A1. Cont.

Article # Authors Iron and Ferritin B12 Folate Vitamin D

6
Damms-Machad

et al. 11% B12 injections

Vitamin D
supplementation
was protective for
Vit D deficiency.

7 Moize et al. 160 mg of iron. 1000 mcg B12 IM
monthly 880 IU Vitamin D.

8 Saif et al.

Iron + 1200 mg
calcium citrate.
No significant
difference noted in
Iron deficiencies
based on
supplementation
compliance.

Vitamin D
additionally
prescribed based
on need.
No significant
difference noted in
Vitamin D
deficiency based on
supplementation
compliance.

9 Capoccia et al.

10 Eltweri et al.
Vitamin D daily.
No notes on
compliance.

11 Gjessing et al.

Vitamin D 10
mcg/day.
No notes on
compliance.

12 Belfiore et al.

Patients with iron
deficiency given
329.7 mg ferrous
sulfate.

Vitamin B12
deficiency treated
orally or by 1000
mcg IM.
Folate deficiency
treated with 105
mg folate daily for
3 months.

Patients with folate
deficiency given 20
mg folate.

13 Ben-Porat et al.

Iron deficiency
treated with 200
mg iron
supplementation
daily.

Folate deficiency
treated with 105
mg folate daily for
3 months.

400 IU Vitamin D
and 500 mg
Calcium.
No notes on
compliance.

14 Lanzarini al.

16,000 IU
calcifediol for
patients with
deficiency in
intervention group.
No notes on
compliance.
Intervention
groups compared.

15 Al-Mulhim
Multivitamin daily.
No notes on
compliance.

16 Gillon et al.

B12
supplementation
based on deficiency.
Compliance well
documented.

Folic acid
supplementation
based on deficiency.
Compliance well
documented.

Vitamin D
supplementation
based on deficiency.
Compliance well
documented.

17 Zarshenas et al.
Deficiencies
corrected as
needed.

1200 mg calcium
daily. No notes on
compliance.
50,000 IU
prescribed for
patients with preop
Vitamin D
deficiency. Other
deficiencies
corrected as
needed.
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Abstract: The endogenous Na+/K+-ATPase inhibitor, marinobufagenin (MBG), strongly associates
with salt intake and a greater left ventricular mass index (LVMi) in humans and was shown to
promote cardiac fibrosis and hypertrophy in animals. The adverse effects of MBG on cardiac
remodeling may be exacerbated with obesity, due to an increased sensitivity of Na+/K+-ATPase to
MBG. This study determined whether MBG is related to the change in LVMi over time in adults with a
body mass index (BMI) ≥30 kg/m2 (obese) and <30 kg/m2 (non-obese). The study followed 275 healthy
participants (aged 20–30 years) from the African-Prospective study on the Early Detection and
Identification of Cardiovascular disease and Hypertension (African-PREDICT) study over 4.5 years.
At baseline, we measured 24 h urine MBG excretion. MBG levels were positively associated with salt
intake. LVMi was determined by two-dimensional echocardiography at baseline and after >4.5 years.
With multivariate adjusted analyses in obese adults (N = 56), we found a positive association of
follow-up LVMi (Adjusted (Adj.) R2 = 0.35; Std. β = 0.311; p = 0.007) and percentage change in LVMi
(Adj. R2 = 0.40; Std. β = 0.336; p = 0.003) with baseline MBG excretion. No association of LVMi
(Adj. R2 = 0.37; p = 0.85) or percentage change in LVMi (Adj. R2 = 0.19; p = 0.68) with MBG excretion
was evident in normal weight adults (N = 123). These findings suggest that obese adults may be
more sensitive to the adverse cardiac effects of MBG and provide new insight into the potential role
of dietary salt, by way of MBG, in the pathogenesis of cardiac remodeling in obese individuals.

Keywords: body mass index; cardiotonic steroids; left ventricular mass; marinobufagenin; obesity;
dietary salt intake; young adults

1. Introduction

Obesity affects 671 million adults globally [1] and contributes significantly to the pathogenesis
of cardiovascular disease (CVD) [2]. Obesity is associated with hypertension [3], left ventricular
hypertrophy [4], and an overall greater risk of incident CVD [5]. Adipose tissue exerts an array
of effects on the cardiovascular system through adipokines and low-grade inflammation [2] but
also hemodynamically through volume loading [6]. Increased sodium retention observed in obese
individuals [7] promotes extracellular volume expansion and concurrently causes a rightward shift
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in the renal function curve, ultimately elevating mean arterial pressure [6]. The latter mechanism is
proposed to contribute to the development of hypertension [6] and cardiac remodeling [8] associated
with obesity.

Obese individuals are also more likely to have poor dietary habits, such as higher caloric intake
accompanied by excessive salt intake, which is the leading dietary risk factors associated with
cardiovascular and all-cause mortality [9]. While the adverse effects of excess salt intake on the
cardiovascular system is well known [10], more attention has been brought to the role of cardiotonic
steroids, which are associated with increased salt intake in the development of CVD. This includes the
biomarker marinobufagenin (MBG) [11], which is synthesized and secreted by the adrenal cortex in
response to sodium loading [12]. Indeed, our group has previously demonstrated a strong positive
correlation between MBG and estimated salt intake in young healthy adults [13].

MBG is an endogenous sodium-potassium adenosine triphosphatase (Na+/K+-ATPase) inhibitor
that primarily promotes natriuresis in response to volume loading, acting as a compensatory mechanism
to lower blood pressure [14]. However, during sustained periods of high salt intake, MBG levels
continue to increase so that it ultimately evokes a pathophysiological response in the cardiovascular
system. The latter occurs via the MBG inhibition of cardiovascular Na+/K+-ATPase [14]. Elevated
MBG promotes cardiac fibrosis and hypertrophy in animals by way of the Na+/K+-ATPase-Src and/or
Na+/K+-ATPase-SMAD-transforming growth factor beta (TGFβ) signaling cascades [15–17], which
may involve oxidative stress initiated via Na+/K+-ATPase [18]. In humans with excessive MBG
excretion, an independent cross-sectional association of MBG with increased left ventricular mass
index (LVMi) [19] was demonstrated, but it is unknown whether obesity would further exacerbate
this relationship.

In animal studies, obese rats were previously shown to have attenuated cardiac Na+/K+-ATPase
expression when compared to lean controls [20]. In non-obese Na/K-ATPase α1 heterozygote knock-out
mice (α1+/−) (displaying suppressed Na+/K+-ATPase expression), the effects of MBG were potentiated
as shown by increased myocyte apoptosis and left ventricular dilation compared to wild-type mice
in response to MBG infusion [21]. This may suggest that an attenuated expression of cardiomyocyte
Na+/K+-ATPase with obesity [20] could increase the sensitivity of cardiac tissue to the pathological
effects of MBG [22]. Therefore, it is likely that elevated MBG in obese individuals with a high habitual
dietary salt intake may contribute to early cardiac remodeling. The female sex hormone estradiol
has been shown to restore Na+/K+-ATPase activity in obese male Wistar rats, and it may play a
cardioprotective role with obesity [20].

The aim of this study was to determine whether MBG is related to changes in LVMi over time
in obese compared to non-obese individuals, and whether MBG predicts an increase in LVMi over
time. The 4.5-year baseline and follow-up data of 275 young adults, aged 20–30 years at baseline,
with no previous history of diagnosed CVD was analyzed. We hypothesize that obese participants
will demonstrate an adverse association of MBG with follow-up LVMi as well as with the change in
LVMi over 4.5 years. These associations were not expected to be seen in participants with a healthy
body composition.

2. Results

Table 1 presents the basic characteristics of 275 participants at baseline (mean age 25.4 ± 3.16) and
follow-up (mean age 30.0 ± 3.21), with an even distribution between sex and black and white ethnic
groups (black: 50.2% and men 45.5%). The median time from baseline to follow-up was 1639 days
(4.49 years). There was a marked increase in the body weight, body mass index (BMI), and waist/height
ratio (WHtR) (all p < 0.001) from baseline to follow-up. In addition, there was an increase in the number
of participants who were classified as obese using BMI (N baseline = 60 to N follow-up = 82) or a composite
obesity score of BMI, waist circumference (WC), and WHtR criteria (N baseline = 55 to N follow-up =

74) (p < 0.001). Participants’ systolic blood pressure (SBP) (p < 0.001) and left ventricular mass index
(LVMi, p < 0.001) increased significantly from baseline to follow-up, while the end diastolic volume
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index (EDVi) and stroke volume index (SVi) decreased (p < 0.001). There were 26 obese participants at
baseline that had masked hypertension. When comparing the baseline characteristics of participants
followed up in this sub-study (N = 275) with those not yet followed up (N = 927), the ethnic and
sex distributions, blood pressure (BP), 24 h MBG excretion, and estimated salt intake were similar
(Table S1). However, the sub-group included in this study had higher BMI (0.99 kg/m2 mean difference)
but lower LVMi (2.93 kg/m2 mean difference).

Table 1. Characteristics of 275 participants followed over 4.5 years.

Baseline Follow-Up Difference p

Men, N (%) 125 (45.5) 125 (45.5)
Black, N (%) 138 (50.2) 138 (50.2)
Age (years) 25.4 ± 3.16 30.0 ± 3.21 4.60 (4.49; 4.70) <0.001
Anthropometric measurements
Height (m) 1.68 ± 0.09 1.68 ± 0.09 0.00 (−0.001; 0.001) 0.68
Weight (kg) 73.3 ± 18.3 77.9 ± 20.2 4.64 (3.51; 5.77) <0.001
Waist circumference (cm) 81.5 ± 14.2 83.2 ± 14.5 1.66 (0.91; 2.41) <0.001
BMI (kg/m2) 25.8 ± 5.79 27.3 ± 6.57 1.51 (1.21; 1.82) <0.001
WHtR 0.48 ± 0.08 0.49 ± 0.09 0.01 (0.01; 0.01) <0.001
Frequency of obesity based on:
BMI, N (%) 60 (21.8) 82 (29.8) 22 (36.7) <0.001
WC, N (%) 95 (34.5) 109 (39.6) 14 (14.7) 0.014
WHtR, N (%) 94 (34.2) 103 (37.5) 9 (0.9) 0.11
Composite obesity criteria, N (%) * 55 (20.0) 74 (26.9) 19 (34.5) <0.001
Blood pressure
Clinic SBP (mmHg) 120 ± 12.4 116 ± 12.7 −3.76 (−4.97; −2.55) <0.001
Clinic DBP (mmHg) 78.9 ± 8.07 79.3 ± 9.45 0.30 (−0.63; 1.24) 0.52
Central SBP (mmHg) 109 ± 9.48 110 ± 10.4 0.87 (−0.12; 1.86) 0.085
Hypertension, N (%) # 39 (14.2) 42 (15.3) 3 (7) 0.76
Hypertension medication, N (%) 0 (0.0) 3 (1.0) 0.25
Echocardiography
LVMi (g/m2) 70.7 ± 15.7 77.8 ± 18.7 7.02 (5.03; 9.00) <0.001
IVSd (cm/m) 0.47 ± 0.10 0.53 ± 0.09 0.06 (0.05; 0.08) <0.001
LVIDd (cm/m) 2.84 ± 0.25 2.78 ± 0.24 −0.07 (−0.09; −0.04) <0.001
PWTd (cm/m) 0.50 ± 0.09 0.54 ± 0.01 0.05 (0.03; 0.06) <0.001
EDVi (mL/m) 64.0 ± 13.7 60.3 ± 13.0 −3.70 (−4.94; −2.46) <0.001
SVi (ml/m2.04) 25.1 ± 5.52 23.1 ± 4.96 −2.03 (−2.61; −1.45) <0.001
Urinary profile
eGFR (ml/min/1.73 m2) 111 ± 16.4 108 ± 16.6 −3.15 (−4.90; −1.39) <0.001
24 h MBG excretion (nmol/day) 3.38 (1.12; 9.13) -
Estimated salt intake (g/day) 7.73 (2.80; 19.4) 7.13 (1.61; 24.4) −0.22 (10.3) 0.47
Biochemical profile
Glucose (mmol/L) 4.63 ± 0.76 4.08 ± 0.65 −0.55 (−0.66; −0.44) <0.001
HDL-C (mmol/L) 1.34 ± 0.39 1.25 ± 0.34 −0.09 (−0.12; −0.05) <0.001
LDL-C (mmol/L) 2.80 ± 0.92 2.66 ± 0.91 −0.14 (−0.22; −0.06) 0.001
C-reactive protein (mg/L) 1.04 (0.11; 9.38) 1.07 (0.15; 10.3) 0.01 (1.46) 0.56
γ-glutamyl transferase (U/L) 21.9 (8.74; 61.1) 21.4 (7.21; 63.5) −0.48 (9.12) 0.46

Data presented as mean ± SD and geometric mean (5th and 95th percentiles). Difference from baseline to follow-up
represented as mean (95% Confidence intervals (CI)) for normally distributed data and median (Inter quartile range
(IQR)) for non-parametric data. * Obesity: BMI > 30 kg/m2 [23] and WC > 94 cm for white men; >81.2 cm for black
men; >80 cm for white women and >81 cm for black women [24] and WHtR >0.5 [23] # Hypertension: Clinic SBP
≥ 140 mmHg and/or DBP ≥ 90 mmHg Estimated salt intake based on 24 h sodium excretion. BMI, body mass
index; DBP, diastolic blood pressure; EDVi; end diastolic volume index; eGFR: estimated glomerular filtration rate;
HDL-C: high density lipoprotein cholesterol; IVSd: interventricular septum at end-diastole; LDL-C: low density
lipoprotein cholesterol; LVIDd: LV internal diameter at end-diastole; LVMi, left ventricular mass index; MBG,
marinobufagenin; PWTd: posterior wall thickness at end-diastole SBP, systolic blood pressure; SVi, stroke volume
index; WC, waist circumference; WHtR, waist/height ratio.
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Baseline and follow-up characteristics of participants were compared, with participants stratified
as non-obese (BMI < 30 kg/m2) and obese (BMI ≥ 30 kg/m2) (Table S2A,B). In both non-obese (p < 0.001)
and obese (p = 0.029) participants, clinic SBP decreased significantly from baseline to follow-up,
although central SBP (cSBP) increased only in obese adults (mean diff. 2.58 mmHg, 95%CI 0.17; 4.99)
(p = 0.037). Non-obese and obese adults had an increase in LVMi and a decrease in EDVi and SVi
(p < 0.001). Still, obese adults had a significantly greater increase in LVMi when compared to non-obese
adults (mean diff. 5.81 g/m2, 95% CI 3.67; 7.95 vs. mean diff. 11.3 g/m2, 95%CI 6.43; 16.2; p = 0.024).

When comparing the LVMi of participants within different BMI categories at baseline,
only underweight adults had a significantly smaller LVMi when compared to obese participants (p = 0.033).
However, obese adults had significantly greater EDVi (71.8 mL/m) when compared to underweight
(57.4 mL/m), normal weight (60.8 mL/m), and overweight participants (64.7 mL/m) at baseline (p < 0.001).
At follow-up, we found that participants who were obese at baseline had a significantly greater percentage
change in LVMi over time as well as follow-up LVMi when compared to participants with a normal
BMI (p = 0.001), when adjusting for sex, ethnicity, age, and baseline LVMi (Figure 1A,B). However,
follow-up EDVi in obese adults (61.4 mL/m) was similar to that of normal weight (59.6 mL/m) (p = 1.00)
and overweight participants (61.7 mL/m) (p = 1.00), when adjusting for sex, ethnicity, age, and baseline
EDVi. There were no significant differences in the estimated salt intake of obese adults (8.17 g/day) when
compared to overweight (7.93 g/day) (p = 0.77), normal weight (7.64 g/day) (p = 0.45), or underweight
participants (6.04 g/day) (p = 0.070). Despite no significant difference in the baseline estimated salt
intake of participants between different BMI categories (p = 0.32) (Figure 1C), underweight adults had a
lower MBG excretion when compared to overweight (p = 0.037) or obese adults (p = 0.024) (Figure 1D).
MBG correlated positively with estimated salt intake (underweight: r = 0.494, p = 0.061; normal weight:
r = 0.553, p < 0.001; overweight: r = 0.514, p < 0.001; obese: r = 0.470, p < 0.001).

2.1. Pearson, Partial, and Multiple Regression Analyses

Pearson correlations were performed between follow-up LVMi as well as the percentage change
in LVMi with MBG excretion within non-obese and obese participants at baseline (Figure 2A,B).
In non-obese adults, a positive correlation was found between follow-up LVMi and MBG excretion at
baseline (r = 0.166; p = 0.015) and a negative correlation between percentage change in LVMi and MBG
excretion (r = −0.139; p = 0.042), but these relationships lost significance with multivariate adjusted
analysis (p > 0.05). In addition, when the non-obese group was additionally stratified as normal weight
and overweight (Table S3), there was no association between LVMi or the percentage change in LVMi
and MBG excretion (all p > 0.05). However, in obese adults, follow-up LVMi (r = 0.392; p = 0.002),
as well as the percentage change in LVMi (r = 0.352; p = 0.006) correlated positively with baseline MBG
excretion. The association of LVMi (Adj. R2 = 0.35; Std. β = 0.311: p = 0.007) and percentage change in
LVMi (Adj. R2 = 0.40; Std. β = 0.336: p = 0.003) with MBG excretion in obese participants remained
significant after multivariate adjusted analyses (Table 2). The present results remained robust when
repeating analyses in a sub-group (N = 51) with stringently defined obesity based on three composite
criteria (BMI ≥ 30 kg/m2 and WC > 94 cm for white men; >81.2 cm for black men; >80 cm for white
women; and >81 cm for black women and WHtR >0.5; LVMi: Adj. R2 = 0.36; Std. β = 0.310: p = 0.009;
percentage change in LVMi: Adj. R2 = 0.37; Std. β = 0.350: p = 0.003; see Table S4).
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Table 2. Multiple regression analyses with follow-up LVMi and percentage change in LVMi as
dependent variables and baseline MBG excretion as the main independent variable.

MBG Excretion (nmol/Day)

Non-Obese 18.6–29.9 kg/m2 N = 211 Obese BMI > 30 kg/m2 N = 56

Dependent Variable Adj R2 Std. β p Adj R2 Std. β p

LVMi (g/m2) 0.39 NS 0.35 0.311 0.007

% Δ LVMi 0.21 NS 0.4 0.336 0.003

Sensitivity analysis additionally adjusted for estimated salt intake

LVMi (g/m2) 0.39 NS 0.35 0.311 0.008

% Δ LVMi 0.21 NS 0.4 0.337 0.003

Sensitivity analysis additionally adjusted for estradiol

LVMi (g/m2) 0.39 NS 0.47 0.305 0.007

% Δ LVMi 0.21 NS 0.5 0.344 0.002

Adjusted for sex, ethnicity, age, clinic SBP, eGFR, glucose, HDL, c-reactive protein (CRP), gamma-glutamyl transferase
(GGT), and baseline LVMi. NS refers to p > 0.05.

Figure 1. Comparison of (A) LVMi, (B) percentage change in LVMi, (C) baseline estimated salt
intake, and (D) baseline MBG excretion levels of participants with different BMI categories at baseline.
Adjusted for sex, ethnicity, and age (follow-up LVMi and percentage change in LVMi additionally
adjusted for baseline LVMi). a,b,c Indicate significant difference between BMI categories, where data
points or bars with the same superscript letter differ significantly (p < 0.05).
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Figure 2. Pearson correlations of (A) follow-up LVMi and (B) the percentage change in LVMi with
baseline MBG excretion in non-obese and obese participants.

2.2. Sensitivity Analyses

2.2.1. Estimated Salt Intake

We additionally adjusted for estimated salt intake to determine whether salt intake influences
the relationship between LVMi and MBG excretion. The relationship with both LVMi and percentage
change in LVMi remained robust in obese participants (Adj. R2 = 0.35; Std. β = 0.311: p = 0.008;
Adj. R2 = 0.40; Std. β = 0.337: p = 0.003; see Table 2). When performing backward stepwise regression
analysis with salt as the main independent variable (Table S5), there was no association between
estimated salt intake and LVMi.
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2.2.2. Estradiol

Estradiol was previously reported to increase Na+/K+-ATPase activity in obese animals [20], and it
is suggested to play a cardiac protective role in obesity [22]. As expected, women from this study had
higher levels of estradiol when compared to men (54.3 pg/mL vs. 37.0 pg/mL; p < 0.001; see Table S6).
Pearson correlations were performed to demonstrate the correlation of estradiol and the percentage
change in LVMi in men and women (Table S7). When performing multiple regression analyses with
the additional adjustment for estradiol (Table 2), LVMi was negatively associated with estradiol in
obese adults (Adj. R2 = 0.47; Std. β = −0.220: p = 0.045). Nonetheless, the positive relationship of
LVMi and MBG excretion remained robust (Adj. R2 = 0.47; Std. β = 0.305: p = 0.007). In the non-obese
group, the association of LVMi and percentage change in LVMi with MBG was not significant (p > 0.05).
When analyses were repeated in normal weight and overweight adults, respectively, a significant
negative association between MBG and percentage change in LVMi was evident in overweight adults
(Adj. R2 = 0.32; Std. β = −0.221: p = 0.035; Table S3).

3. Discussion

This is the first study to our knowledge that investigated the relationship of the cardiotonic steroid,
MBG, with longitudinal cardiovascular data in a young human population with no previous history of
CVD. The main finding from the present study was that baseline MBG excretion levels were associated
with increased LVMi over 4.5 years in obese but not in normal weight individuals. These results
support the hypothesis that the adverse effects of MBG in cardiac remodeling may be potentiated in
obese adults, despite having similar MBG excretion levels when compared to normal weight adults.

A positive association of follow-up LVMi with MBG excretion in obese but not underweight,
normal weight, or overweight adults supports the notion that an increased sensitivity of cardiotonic
steroids may play a role in the pathogenesis of CVD in individuals with obesity [22]. A recent
review by Obradovic et al. highlighted the potential adverse role of reduced Na+/K+-ATPase in the
development of CVD with obesity [22], which is associated with the downregulation of Na+/K+-ATPase
in animals [20] and humans [25]. The attenuated levels of Na+/K+-ATPase likely contribute to the
deleterious effect of MBG on the heart. Indeed, non-obese α1-Na+/K+-ATPase knockout mice (α1+/−)
with lower Na+/K+-ATPase levels (−38% lower Na+/K+-ATPase) were shown to have an increased
myocardial Na+/K+-ATPase sensitivity to MBG infusion when compared to wild-type mice [21]. It is
via the inhibition of cardiac Na+/K+-ATPase and the concurrent downward Src signaling cascade that
MBG promotes cardiac remodeling [15,16]. Similarly, in the Dahl-S model of salt-sensitive hypertension,
MBG-activated cardiovascular TGF-β pro-fibrotic signaling via Na+/K+-ATPase resulted in an increase
in LVMi while also promoting the development of fibrosis and cardiac remodeling [17].

In contrast with our findings in obese adults, a negative association was observed between
percentage change in LVMi and MBG excretion in overweight adults when including estradiol into the
model. Estradiol can activate Na/K-ATPase in the cardiovascular system [20,26] and counterbalance
an inhibitory effect of MBG on the cardiovascular Na/K-ATPase enzymatic activity. In addition,
estradiol may exhibit its cardiac protective effect by means of attenuated vasoconstriction and tissue
fibrosis by binding to other estrogen receptors (ER), including, ER-α, ER-β, and GPR−30 [27]. It is
also known that estradiol, i.e., estrogen, can activate atrial natriuretic peptide (ANP) receptors and
increase ANP levels [28,29]. It was demonstrated that ANP can counterbalance the pro-fibrotic
and pro-hypertensive effects of MBG in the cardiovascular system and exhibit a synergistic effect
with MBG on renal natriuretic function [30]. It might only be with the shift from an overweight to
an obese phenotype that this natriuretic function of MBG is overridden by the pathophysiological
effects thereof. The beneficial effect of estradiol in association with MBG in subjects with normal
weight and moderately overweight subjects is an important observation and will merit further
investigation. It is likely that in the obese subjects, the positive impact of estradiol is similar to the
observation made in age-associated salt sensitivity in the animal model [30]. In addition, the increased
sensitivity of Na+/K+-ATPase to MBG can underlie the pathophysiological function of MBG, as it was
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previously demonstrated in Dahl-S rats, which exhibited an increased sensitivity of the cardiovascular
Na+/K+-ATPase to MBG [31,32]. Acute salt loading of the normotensive Sprague–Dawley rats and
salt-sensitive Dahl-S rats was accompanied by a similar stimulation of MBG in both strains and by the
inhibition of an aortic Na pump in Dahl-S rats only [32], which was likely due to the higher sensitivity of
cardiovascular Na+/K+-ATPase to cardiotonic steroids in Dahl-S rats. Dahl-S rats on a high salt intake
also developed left ventricular hypertrophy, which was accompanied by an increased sensitivity of
cardiac Na+/K+-ATPase to MBG [31]. An increased sensitivity of cardiovascular Na+/K+-ATPase to the
endogenous inhibitors may contribute to the exaggerated effect of MBG on the Na+/K+-ATPase-initiated
down-stream pro-fibrotic signaling [15,17].

Taken together, the activation of the Na+/K+-ATPase-Src signaling cascade may be promoted with
obesity and contribute to early cardiac remodeling. The inhibition of cardiac Na+/K+-ATPase as a result
of MBG is associated with oxidative stress [33], cardiac myocyte apoptosis [21], collagen synthesis [15,17],
and cardiac myocyte hypertrophy [17], which are all factors of overall structural cardiac changes.
Meanwhile, the endocytosis of Na+/K+-ATPase with obesity is proposed to play an important role in
promoting a pro-inflammatory environment [34]; further studies are needed to investigate the role of
MBG on macrophage adhesion and cytokines activation in the cardiac remodeling of obese individuals.

While young obese adults had a similar LVMi to normal weight or overweight adults at baseline,
the greater LVMi at follow-up in obese participants of this study, when compared to underweight
and normal weight adults, is in accordance with previous reports [4]. In addition, the greater EDVi
observed in obese adults at baseline suggests a volume-loading phenotype in this population associated
with obesity [35]. Since this study made use of LVM indexed to body surface area (BSA), the present
findings are independent of cardiac structural changes as a result of increased body weight with
obesity [36]. Considering the young age of this study population, the findings of the present study
highlight the importance of creating a greater awareness regarding the substantial impact of modifiable
risk factors, such as obesity and diet, on cardiovascular health. Indeed, the estimated salt intake of this
study population (7.73 g/day) exceeded the daily recommendation of the World Health Organization
(5 g/day) [37]. In the present study, behavioral lifestyle choices such as high salt intake from a young
age in the obese condition is already associated with changes in cardiac structure.

In a recent review by He et al., the authors highlighted the diverse mechanisms whereby a high
dietary salt intake may contribute to a greater risk of CVD [10]. Eminently, of the 10 million CVD-related
deaths attributed to dietary risk factors in 2017, a high dietary salt intake was the leading risk factor [9].
However, excessive dietary salt intake may also indirectly contribute to early CVD development
as a result of elevated MBG [11], which is strongly related to estimated salt intake [13]. MBG was
firstly described as a natriuretic hormone; it increased with sodium-induced volume loading [38].
Subsequent investigations into the pathophysiological role of MBG have yielded strong evidence of an
adverse effect of excessive MBG on the cardiovascular system. In animal and experimental studies,
MBG was shown to promote cardiac myocyte apoptosis [21], cardiovascular fibrosis, and cardiac
hypertrophy [15–17,39]. While in humans, MBG was found to be associated with autonomic activity [40],
microvascular dysfunction [41], arterial stiffness [13,42], and increased LVMi [19]. Given that obesity is
known to be associated with left ventricular hypertrophy [4], these findings may help reiterate the
importance of lowering salt intake in obese individuals who are already more susceptible to early CVD
development due to a harmful cardiometabolic profile.

In animals [20,25] and humans [25], hyperinsulinemia, which is associated with obesity, has been
implicated in the downregulation of Na+/K+-ATPase. Additionally, insulin resistance in Dahl-S animals
consuming a high salt intake [43] may increase the sensitivity of Na+/K+-ATPase to CTS. Obesity is one
of the facets of metabolic syndrome, and it is often accompanied by insulin resistance [2]. This creates
an “ideal” condition for MBG, which can activate the vicious pro-fibrotic circle without being elevated
to a pathologic level. Therefore, obese individuals may be predisposed to early cardiac remodeling
due to insulin resistance, which sensitizes cardiovascular Na+/K+-ATPase to CTS. The estimation of
the insulin sensitivity and its association with cardiovascular parameters and cardiovascular markers
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in young obese and non-obese individuals merits future investigation. Furthermore, a high-fat diet
has also been shown to stimulate MBG synthesis in hyperlipidemic states [34]. Further studies are also
necessary to determine the role of a habitual high dietary intake of sugar and trans fats in the adverse
effects of MBG on the heart and vasculature of obese adults.

4. Strengths and Limitations

A major strength of the present study was the inclusion of longitudinal data of young black and
white adults, free of CVD at baseline with complete baseline data on 24-h MBG and sodium excretion.
However, the study included volunteers without random selection. The main limitation of this study
was the small group of obese adults included in the analyses. Given that the present study only
included N = 275 from the larger African-PREDICT study population (N = 1202), it is possible that
selection bias may have contributed to the findings. The follow-up studies, which will be performed in
a larger sample to substantiate these results, will merit future investigation. The small sample size was
a limitation factor in performing sex-specific analyses, which is recommended for future studies.

5. Materials and Methods

5.1. Study Design and Methodology

This study included the data of the first 275 (50% black; 44% men) participants from the
African-Prospective study on the Early Detection and Identification of Cardiovascular disease and
Hypertension (African-PREDICT) with baseline MBG excretion and follow-up LVMi data.

The African-PREDICT study is a longitudinal study that aims to track and monitor the
cardiovascular health profile of young black and white adults. Details on the study design, recruitment,
and baseline measurements were previously published [44]. Participant recruitment for the study
started in 2012 and was conducted in communities living in proximity to the Potchefstroom area in
the northwest province of South Africa. Apparently healthy volunteers were screened at baseline
for eligibility to be included into the study based on the following criteria: black or white ethnicity;
aged 20–30 years; clinic blood pressure (BP) < 140/90; HIV uninfected; had no previous diagnosis of
chronic illness (self-reported) or using any chronic medications; not pregnant or lactating.

Ultimately, N = 1202 (606 black and 596 white) eligible participants were enrolled in the baseline
phase of the African-PREDICT study (February 2013 to November 2017). Follow-up data collection
started in February 2018 and remains ongoing. This analysis made use of the follow-up data collected
between 2018 and 2019. At the point of statistical analyses for this study, 430 participants had been
successfully contacted and participated in follow-up measurements. Of the 430 participants who had
taken part in follow-up measurements, we excluded 88 participants with missing MBG data and a
further 67 with missing follow-up echocardiography data. Therefore, this study analyzed the data of
275 participants. Baseline and follow-up data collection were performed under controlled conditions,
using good clinical practice at the Hypertension Research and Training Clinic at North-West University.

Written informed consent was obtained from all participants at baseline and follow-up, and all
procedures adhered to Institutional Guidelines and the Declaration of Helsinki of 1975, which were
revised in 2013. The African-PREDICT study was approved by the Health Research Ethics
Committee of the North-West University, South Africa (NWU-00001-12-A1). The study is registered at
ClinicalTrials.gov (identifier: NCT03292094). Assignable to the informed consent given by participants,
the data for this study, which is centrally managed by the data manager using REDCap, can be obtained
by means of the necessary arrangements with Prof Aletta E Schutte or Prof Carina Mels from the
Hypertension in Africa Research Team (HART) [44]. Potential collaborators are invited to contact the
principal investigator of African-PREDICT for further information.
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5.2. Questionnaire and Anthropometric Data

Participants completed a General Health and Demographic Questionnaire at baseline and follow-up
to obtain detailed information (self-reported) on demographics (age, sex, ethnicity, and socio-economic
status) and medical history (medication use).

Anthropometric measurements including weight (kg; SECA 813 Electronic Scales), height
(m; SECA 213 Portable Stadiometer; SECA, Hamburg, Germany), and WC (cm) (Lufkin Steel
Anthropometric Tape; W606PM; Lufkin, Apex, NC, USA) were measured in triplicate, according to the
guidelines of the International Society for the Advancement of Kinanthropometry. We subsequently
calculated the BMI (weight (kg)/height (m2)), BSA (

√
height (cm)×weight (kg)/3600), and WHtR

of participants. Participants were classified as underweight (BMI < 18.5 kg/m2), normal weight
(BMI 18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), or obese (BMI ≥ 30 kg/m2) according to baseline
BMI [23]. As a sensitivity measure, we additionally identified participants who would be classified
as obese based on baseline BMI > 30 kg/m2, WC (WC > 94 cm for white men; >81.2 cm for black
men; >80 cm for white women, and >81 cm for black women) [23,24] and WHtR cut points (>0.5) [45]
(i.e., participants who met all three criteria for obesity—BMI, WC, and WHtR—were classified as
being obese).

5.3. Cardiovascular Measurements

The Dinamap Procare 100 Vital Signs Monitor (GE Medical Systems, Milwaukee, WI, USA) was
used to measure SBP and diastolic (DBP) BP with an appropriately sized brachial blood pressure
cuff. Participants were seated with their arm rested at heart level. Measurements were performed in
duplicate on the left and right arm (with a five-minute resting period between measures). The mean
SBP and DBP from the right arm was calculated [46]. Hypertension was defined as SBP ≥ 140 mmHg
and or DBP ≥ 90 mmHg [47]. We made use of the SphygmoCor XCEL device (AtCor Medical Pty. Ltd.,
Sydney, Australia) to measure cSBP in duplicate by means of pulse wave analysis, while participants
lay rested in a supine position with an appropriately sized brachial BP cuff fitted to the right upper
arm. cSBP is determined using a general transfer function.

Two-dimensional echocardiography was done using the General Electric Healthcare Vivid E9
device (GE Vingmed Ultrasound A/S, Horten, Norway), a 2.5 to 3.5 MHz transducer, and a single
electrocardiogram (ECG) lead. A medical clinical technician performed echocardiographic imaging
according to standardized procedures outlined by the American Society of Echocardiography [36].
Left ventricular mass was calculated from dimensions using the Devereaux “cube” formula (LVM =
0.8 × 1.04 ((IVSd + LVIDd + PWTd)3 − LVIDd3) + 0.6 g), where IVS is the interventricular septum
at end diastole, LVID is the LV internal diameter at end diastole, and PWT is the inferolateral wall
thickness at end diastole. Left ventricular mass and LV volumes were determined using the biplane
method. Since LVM is strongly influenced by body size, LVMi was indexed to BSA to minimize
obesity-related changes in LVM. Reporting LVM indexed to BSA is recommended by the American
Society of Echocardiography [36]. Stroke volume was indexed for height to the power 2.04 (SVi) and
end diastolic volume (EDV) (calculated using the Teichholz formula) was indexed to height.

5.4. Biochemical Sampling and Biochemical Analyses

Participants were instructed to refrain from eating or drinking (except water) from at least 22:00 the
night before measurements took place. A trained research nurse performed early morning biological
sampling (before 09:30) using a sterile winged infusion set and syringes. Samples were immediately
moved to an onsite laboratory, centrifuged, and aliquoted into cryovials. A detailed description on
sample preparation was published elsewhere [19]. All biological samples were stored in onsite bio
freezers at −80 ◦C.
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Then, 24 h urine sampling was performed in accordance with protocols of the Pan American
Health Organization/World Health Organization (PAHO/WHO), with participants being given
instructions on how to ensure accurate collection [48]. All participants had a urinary volume >300
mL. Baseline MBG was analyzed from 24 h urine samples using a solid-phase Dissociation-Enhanced
Lanthanide Fluorescent Immunoassay, which was based on a 4G4 anti-MBG mouse monoclonal
antibody described in detail by Fedorova et al. [49]. Twenty-four-hour urinary sodium excretion
was measured (Cobas Integra 400plus, Roche, Basel Switzerland) to calculate estimated salt intake.
Estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology
Collaboration Equation (CKD-EPI) no race equation [50].

From serum samples, total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), creatinine, C-reactive protein (CRP), and γ-glutamyl transferase (GGT)
were measured (Cobas Integra 400plus, Roche, Basel Switzerland). Glucose was determined from
sodium fluoride plasma (Cobas Integra 400plus, Roche, Switzerland).

5.5. Statistical Analyses

Statistical analyses were performed using SPSS version 26 (IBM; Armonk, New York, NY, USA)
and created figures using GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA).
Data following a normal distribution were presented as the arithmetic mean ± standard deviation,
and variables with a non-Gaussian distribution were logarithmically transformed and presented as
geometric mean (5th and 95th percentiles). Differences in the basic characteristics of participants
from baseline to follow-up were determined using a paired t-test or Wilcoxon Signed-Ranks Test
for parametric or non-parametric continuous variables, and McNemar tests for categorical variables.
Baseline estimated salt intake and MBG excretion of participants were compared within different
BMI statuses (underweight, normal weight, overweight, and obese) using ANCOVA, adjusting for
sex, ethnicity, and age. Scatterplots demonstrating Pearson correlations between LVMi as well as
the percentage change in LVMi overtime and MBG excretion are shown for different BMI statuses.
The relationship of LVMi and the percentage change LVMi with MBG excretion was further explored
using backward stepwise multiple regression analyses, considering the limited number of participants
who were classified as obese and having follow-up LVMi data (N = 56). Backward stepwise regression
models were adjusted for sex, ethnicity, age, clinic SBP, eGFR, glucose, HDL-C, CRP, GGT, and baseline
LVMi. Sensitivity analyses were performed for estimated salt intake and estradiol to determine whether
the latter had an influence on the relationship between MBG and LVMi. Backward stepwise regression
analyses were repeated, whereby obesity was stringently defined as not only having a BMI >30 kg/m2

but also according to WC (WC > 94 cm for white men; >81.2 cm for black men; >80 cm for white
women; and >81 cm for black women) [23,24] and WHtR cut points (>0.5) [45] (i.e., participants who
met all three criteria for obesity—BMI, WC, and WHtR—were classified as being obese N = 51).

6. Conclusions

The findings from the present study indicate that obese adults may be more vulnerable to the
adverse cardiac effects of excessive salt intake by means of increased MBG sensitivity. This was
demonstrated by an independent positive association between follow-up LVMi and MBG excretion
in obese adults only. An increased sensitivity to MBG may exacerbate the vulnerability of obese
adults to the harmful effects of excessive salt intake on cardiac remodeling, besides volume loading.
These findings encourage cardioprotective strategies such as the targeting of modifiable risk factors
(a healthy diet, low salt intake, weight reduction).
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African-PREDICT cohort. Table S2A: Characteristics of 215 participants with a BMI < 30 kg/m2 (non-obese)
followed over 4.5 years. Table S2B: Characteristics of 60 participants with a BMI ≥ 30 kg/m2 (obese) followed
over 4.5 years. Table S3: Multiple regression analyses with follow-up LVMi and percentage change in LVMi as
dependent variables and baseline MBG excretion as the main independent variable. Table S4: Backward stepwise
regression model with obesity defined according to BMI, WC, and WHtR criteria. Table S5. Backward stepwise
multiple regression analyses with follow-up LVMi and percentage change in LVMi as dependent variables, and
baseline estimated NaCl intake as the main independent variable. Table S6: Estradiol levels of men and women in
the African-PREDICT study. Table S7: Pearson correlations between the percentage change in LVMi and estradiol
in men and women.
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Na+/K+-ATPase sodium-potassium adenosine triphosphatase
PAHO/WHO Pan American Health Organization/World Health Organization
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LVMi Left ventricular mass index
WHtR Waist/height ratio
EDVi End diastolic volume index
TGF-β Transforming growth factor beta
ANP Atrial natriuretic peptide
BMI Body mass index
BSA Body surface area
CRP C-reactive protein
CVD Cardiovascular disease
ECG Echocardiogram
GGT Gamma glutamyl transferase
HDL High density lipoprotein
LDL Low density lipoprotein
MBG Marinobufagenin
SBP Systolic blood pressure
SVi Stroke volume index
ER Estradiol receptor
WC Waist circumference
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