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Preface

This Reprint presents a collection of studies examining the interplay between diet, eating
behaviors, and metabolic health. The contributions explore how nutrient composition, specific foods,
and environmental factors influence obesity, insulin resistance, and related metabolic disorders.
Topics range from proteomic profiling of extracellular vesicles to the effects of golden berry, rare
sugars, and cannabis sativa, providing both mechanistic insights and translational implications.

The Reprint highlights how dietary patterns affect peripheral metabolism, central regulation,
and the gut-liver-muscle axis, including developmental and sex-dependent effects. By integrating
experimental, clinical, and behavioral research, it offers a comprehensive perspective on the factors
shaping metabolic outcomes.

This Reprint is intended for researchers, clinicians, and nutrition professionals seeking to
understand the biological and behavioral determinants of metabolic health. It underscores the
value of interdisciplinary approaches in developing nutrition-based strategies to prevent and manage
metabolic diseases.

We sincerely thank all authors and reviewers whose contributions made this Reprint possible,

and whose expertise and dedication continue to advance the field of nutrition and metabolic research.

Silvia V. Conde and Fatima O. Martins
Guest Editors
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Abstract: Obesity entails metabolic alterations across multiple organs, highlighting the role of inter-
organ communication in its pathogenesis. Extracellular vesicles (EVs) are communication agents
in physiological and pathological conditions, and although they have been associated with obesity
comorbidities, their protein cargo in this context remains largely unknown. To decipher the messages
encapsulated in EVs, we isolated plasma-derived EVs from a diet-induced obese murine model. Obese
plasma EVs exhibited a decline in protein diversity while control EVs revealed significant enrichment
in protein-folding functions, highlighting the importance of proper folding in maintaining metabolic
homeostasis. Previously, we revealed that gut-derived EVs’ proteome holds particular significance
in obesity. Here, we compared plasma and gut EVs and identified four proteins exclusively present
in the control state of both EVs, revealing the potential for a non-invasive assessment of gut health
by analyzing blood-derived EVs. Given the relevance of post-translational modifications (PTMs),
we observed a shift in chromatin-related proteins from glycation to acetylation in obese gut EVs,
suggesting a regulatory mechanism targeting DNA transcription during obesity. This study provides
valuable insights into novel roles of EVs and protein PTMs in the intricate mechanisms underlying
obesity, shedding light on potential biomarkers and pathways for future research.

Keywords: extracellular vesicles; obesity; prediabetes; metabolism; proteomics; post-translational
modifications; protein acetylation; protein glycation

1. Introduction

Obesity is a growing global concern, with over 1 billion people affected, and un-
fortunately, the numbers continue to rise [1]. While genetics play a role, the increasing
global prevalence of obesity is partially due to environmental factors, such as dietary
habits, which are major contributors to the obesity epidemic [2-4]. The adoption of a
Westernized lifestyle, which promotes greater consumption of calorie-rich and palatable
foods while reducing physical activity, is a root cause of the obesity epidemic. For instance,
overconsumption of foods with over 30% of total daily energy intake from fat, has con-
tributed to the increase in obesity in the past years [3-5]. Additionally, the consumption of
high-fat foods is strongly associated with a pro-inflammatory state, leading to deleterious
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consequences for organismal homeostasis [6]. Furthermore, excessive consumption of
certain carbohydrates, particularly rapidly digestible carbohydrates, has been linked to
suboptimal glycemic control in individuals with diabetes [7]. Therefore, obesity arises from
an imbalance between energy intake and expenditure, resulting in excess energy being
stored as fat in various organs, especially in adipose tissue [8]. This excess fat is associated
with systemic complications, including hypertension, dyslipidemia, insulin resistance, and
type 2 diabetes (T2D), which pose a significant challenge to healthcare [9-11].

Obesity impacts all organs; thus, its progression and associated comorbidities are
modulated by inter-organ communication networks. Importantly, extracellular vesicles
(EVs) play a crucial role in this complex inter-organ dialogue, intimately linked to the patho-
physiology of obesity and diabetes [12,13]. EVs are bilayer vesicles that typically measure
between 40 and 5000 nm in diameter, acting as carriers of diverse bioactive molecules, such
as proteins, nucleic acids, and lipids [14-17]. Several studies have highlighted the impact
of organ-derived EVs on metabolic homeostasis [16,18-20]. Importantly, growing evidence
strongly suggests that EV-mediated crosstalk between adipose tissue, liver, and skeletal
muscle is a key contributor to the development of insulin resistance [21-25]. Furthermore,
EVs released by adipose tissue trigger abnormal activation of immune cells and endothe-
lial dysfunction, which could explain vascular complications linked to obesity [11,26,27].
Crucially, when lean mice were administered EVs isolated from control mice but loaded
with miRNAs associated with obesity, it resulted in increased glucose intolerance and
hepatic steatosis [28]. Conversely, the administration of EVs from lean mice to obese mice
ameliorated these conditions [29]. This highlights the significant role of miRNAs carried by
EVs in triggering obesity-associated traits, even within a healthy context.

Although the miRNA content of EVs has received considerable attention, there is a
knowledge gap concerning the protein cargo of these vesicles in the context of diet-induced
obesity. Recently, we observed significant alterations in the protein content of gut-derived
EVs isolated from a diet-induced obese mouse model [30]. The gut plays a significant role
in maintaining metabolic homeostasis and is a key player in the development of obesity
through various actions, including microbiota composition, hormone secretion and nutrient
absorption, and its crucial connection to the central nervous system through the gut-brain
axis [31,32]. Interestingly, bariatric surgery, the most effective intervention for weight loss,
involves alterations in the anatomy of the small intestine and leads to T2D remission even
before significant weight loss occurs [33,34]. Individuals with T2D who undergo bariatric
surgery and achieve T2D resolution display distinct protein profiles in their circulating EVs,
setting them apart from those in whom T2D persists post-surgery [35]. This underscores
the importance of defining proteome profiles of gut EVs in the context of obesity and
their potential role as predictors of resolution for obesity-related comorbidities following
bariatric surgery.

Circulating EVs form a dynamic network that facilitates inter-organ communication
by transporting a diverse array of organ-derived EVs, collectively forming a heterogeneous
pool of EVs. These EVs act as messengers, transmitting vital molecular information across
various cells and organs. It is worth noting that the number of small EVs is elevated in the
circulation of patients with insulin resistance [36] and in individuals with T2D [37]. Notably,
obese individuals exhibit a substantial (approximately 10-fold) increase in plasma EV levels
compared to those maintaining a healthy weight [38—40]. On the contrary, interventions
such as hypocaloric diets, exercise, and weight loss through bariatric surgery have been
shown to reduce plasma EV levels [38,39,41].

Protein post-translational modifications (PTMs) play a significant role in obesity and
diabetes by influencing insulin signaling and glucose metabolism, and thus, the develop-
ment of associated complications [42—44]. Two significant post-translational modifications
(PTMSs) are acetylation and glycation. The first, acetylation, is closely linked to increased
levels of acetyl-CoA and NAD+. The second, glycation, is connected to elevated blood
glucose levels [45-49]. While lysine acetylation is thought to play a crucial role in maintain-
ing energy homeostasis [50], limited reports suggest that acetylation impacts the sorting
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of specific proteins and /or RNA molecules into EVs [51]. Moreover, lysine acetylation is
important in both immunological and metabolic pathways and helps in maintaining the
equilibrium between energy storage and expenditure [52]. Glycation is a spontaneous chem-
ical reaction between certain amino acids and reducing sugars, leading to the formation of
advanced glycation end-products (AGEs) [53,54]. AGEs are considered to be the primary
culprits behind various diabetic complications [55,56]. Importantly, one major precursor of
AGE formation is methylglyoxal, a byproduct of glycolysis, strongly linking glycation to
hyperglycemia, diabetes, and obesity [46,49]. Interestingly, glycated hemoglobin (HbA1c)
is used as a marker for the diagnosis of diabetes [57,58]. Nevertheless, there is a clear need
for further research delving into these PTMs in the context of metabolic diseases.

Here, we evaluate the protein content of EVs in obesity, providing crucial insights
into proteomic changes and PTMs in plasma and gut EVs. This sheds light on the complex
mechanisms of diet-induced obesity and prediabetes, highlighting potential biomarkers
and pathways for future research.

2. Materials and Methods
2.1. Mouse Models

Six-week-old male C57Bl/6] mice were housed in a temperature-controlled room
under a regular light/dark cycle of 12 h and with food and water ad libitum. For induction
of prediabetes, mice were fed a high-fat diet (HFD) (OpenSource Diet, D12331) composed
of 16.5% protein, 25.5% carbohydrate, and 58% fat with 13% addition of sucrose for 12
weeks. Control mice were fed a normal chow diet (NCD) (Special Diets Services, RM3)
composed of 26.51% proteins, 62.14% carbohydrates, and 11.35% fat for the same period.
After 12 weeks of diet, mice were subjected to an 8 h fasting period, followed by a 2 h
feeding window, concluding with a 12 h fasting period. Mice were then anesthetized
with isoflurane and euthanized. Blood was collected into a heparinized tube, which was
then centrifuged at 500x g for 10 min. The supernatant was collected and centrifuged at
3000x g for 20 min to obtain plasma, which was stored at —80 °C for EV isolation. Three
biological replicates were performed per experimental condition (diet-induced obesity
and control groups). Each replica was generated by pooling plasma from 20 animals.
Experimental protocols were approved by the ethics committee of the NOVA Medical
School (nr.82/2019/CEFCM).

2.2. Intra-Peritoneal Glucose Tolerance Test (ipGTT)

In the 11th week of diet, an intra-peritoneal glucose tolerance test (ipGTT) was per-
formed after an overnight fasting. Basal glycemia and weight were measured, and then an
intra-peritoneal injection of glucose (Sigma Aldrich, St. Louis, MO, USA) at 2 g/kg body
weight was administered. Blood glucose levels were measured by tail tipping at 15, 30,
60, 90 and 120 min after the injection using a OneTouch Ultra glucose meter (LifeScan Inc.,
Milpitas, CA, USA). The evaluation of the glycemic response was performed by calculating
the total area under the whole glucose excursion, using the blood glucose concentration at
timepoint 0 min as the baseline.

2.3. Hematoxylin—Eosin Staining

The liver was rinsed with phosphate buffered saline (PBS) and placed in 2% paraformalde-
hyde (PFA) with 20% sucrose overnight at 4 °C. After three PBS washes, the liver was
transferred to 30% sucrose solution for 2 h at 4 °C, followed by an overnight incubation in
optimal cutting temperature (OCT) compound with 30% sucrose solution (1:1 ratio). Next,
the liver was embedded in molds using a mixture of OCT compound and 20% sucrose
solution (3:1 ratio) and stored at —80 °C. Then, the liver was sliced into 6 pm thin sections
in the cryostat and stored at —80 °C for following hematoxylin—eosin + Oil Red O staining.
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2.4. Extracellular Vesicles Isolation

Plasma stored at —80 °C was centrifuged at 12,000 x g for 20 min, supernatant was then
subjected to ultracentrifugation (Beckman Ti70, rotor 70Ti, Brea, CA, USA) at 100,000x g,
for 140 min. The EV-enriched pellet was collected. This pellet was resuspended in filtered
PBS and layered on top of a sucrose solution. This sucrose solution was prepared with
30 g of protease-free sucrose (Sigma), 2.4 g of Tris-base (Sigma) in 100 mL of D,O (Sigma);
pH was adjusted to 7.4. Resuspended EVs over the sucrose cushion were centrifuged at
100,000% g, for 70 min. The fraction of sucrose cushion containing EVs was collected and
transferred to a new tube with PBS. An overnight centrifugation was then performed at
100,000 g, and the EV pellet was collected and resuspended in filtered PBS.

2.5. Nanoparticle Tracking Analysis (Nanosight)

The concentration and size of EVs were analyzed in a NanoSight NS300 (NS3000)
(Malvern Panalytical, Malvern, UK) following the manufacturer’s guidelines. Briefly, EVs
were diluted at a ratio of 1:1000 in filtered sterile PBS. Each sample was analyzed for 90 s,
with measurements taken five times using the NanoSight automatic settings.

2.6. Protein Quantification

We prepared protein extracts using a lysis buffer composed of 20 mM Tris-HCl at
pH 7.4,5 mM EDTA at pH 8.0, 1% Triton-X 100, 2 mM Na3VOy, 100 mM NaF, and 10 mM
NayP,0y7, supplemented with protease inhibitors (cOmplete™, Mini, EDTA-free protein in-
hibitor cocktail tablets, Roche (Basel, Switzerland), Sigma). Plasma EVs were homogenized
in lysis buffer and subjected to three rounds of sonication (Sonifier SEX 150, Branson, MO,
USA), each lasting 10 s at 10 pm amplitude, with cooling on ice between each sonication.
Lysates underwent centrifugation at 18,000x g for 10 min at 4 °C. The resulting supernatant
was collected, and the total protein concentration was determined using the Pierce™ BCA
Protein Assay kit (Thermo Fisher, Waltham, MA, USA).

2.7. Nano-LC-MS/MS Analysis

Each biological replicate was analyzed twice, yielding two technical replicates. Peptide
samples were analyzed by nano-LC-MS/MS (Dionex RSLCnano 3000, Sunnyvale, CA,
USA) coupled to an Exploris 480 Orbitrap mass spectrometer (Thermo Scientific, Hemel
Hempstead, UK) virtually as previously described [59]. In brief, peptide samples (5 uL)
were loaded onto a custom-made fused capillary pre-column (2 cm length, 360 pm OD,
75 um ID) packed with ReproSil Pur C18 5.0 pm resin (Dr. Maish, Ammerbuch-Entringen,
Germany) with a flow of 5 uL per minute for 6 minutes. Trapped peptides were separated
on a custom-made fused capillary column (25 cm length, 360 pm outer diameter, 75 pm
inner diameter) packed with ReproSil Pur C18 1.9-um resin (Dr. Maish) with a flow
of 250nL per minute using a linear gradient from 89% A (0.1% formic acid) to 32% B
(0.1% formic acid in 80% acetonitrile) over 56 min.

Mass spectra were acquired in positive ion mode applying an automatic data-dependent
switch between one Orbitrap survey MS scan in the mass range of 350-1200 m/z followed
by higher-energy collision dissociation (HCD) fragmentation and Orbitrap detection of
fragment ions with a cycle time of 2 s between each master scan. MS and MSMS maximum
injection time were set to “Auto”, and HCD fragmentation in the ion routing multipole was
performed at normalized collision energy of 30%, and ion selection threshold was set to
10,000 counts. Selected sequenced ions were dynamically excluded for 30s. MS resolution
was 120,000 and MS/MS resolution was 15,000.

2.8. Database Search

Mass accuracy was set to 5 ppm for peptides and 0.01 Da for ionized fragments. Trypsin
cleavage allowing a maximum of four missed cleavages was used. Carbamidomethyl was
set as a fixed modification. Methionine oxidation, lysine and N-terminal protein acetylation
(Figure S1), lysine glycation (carboxymethyl, carboxyethyl, and pyrraline) (Figure S2),
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arginine glycation (argpyrimidine, glyoxal and methylglyoxal-derived hydroimidazolones,
and tetrahydro pyrimidine), glutamine deamidation and asparagine deamidation were set
as variable modifications. The MS/MS spectra were searched against all reviewed protein
sequences available in a standard mouse proteome database from UniProt (UP000000589).
For the search, all protein sequences were also concatenated in reverse order, with lysine
and arginine residues maintained in their original positions. The data were searched and
quantified with both MaxQuant [60] and VEMS [61].

2.9. Proteomic Functional Enrichment Analysis

The results from MaxQuant and VEMS searches were processed using Python and
then subjected to functional enrichment analysis in R with the clusterProfiler [62] pack-
age. Spectral count [63] and intensity-based absolute quantification (iBAQ) [64] values
were calculated for all identified proteins. Quantitative data were first preprocessed for
normalization. This step was carried out using the ‘normalize.quantiles” function from
the ‘preprocessCore” R package. Subsequently, the normalized data underwent a log2
transformation, incremented by one, to stabilize the variance and improve the analyti-
cal conditions for detecting differential expression. The differential expression analysis
itself was conducted utilizing the ‘limma’ R package, setting the ‘trend” set to FALSE [65].
To select proteins exclusively identified in one experimental group, the selection criteria
were based on the spectral count of proteins in both groups, defined as the number of
MS/MS spectra associated with peptides from a given protein. For instance, if a protein
was associated with at least one spectrum in one group but none in the other group, it
was categorized as exclusively identified in the former. Proteins with spectra identified in
samples from both groups were considered shared between HFD-PDEV and NCD-PDEV.
Genes corresponding to proteins identified with a false discovery rate (FDR) lower than
0.01 underwent over-representation analysis (ORA) [66], using the Gene Ontology [67,68]
and KEGG [69-71] databases.

2.10. Statistical Analysis

Data were analyzed using GraphPad Prism Software, version 9.0.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA) and presented as mean values with the standard error of
the mean (SEM). The significance of the differences between the groups was calculated by
unpaired student’s t-tests with Welch’s correction. Differences were considered significant
as p-value < 0.05.

3. Results
3.1. Evaluation of Diet-Induced Obesity’s Effects on Plasma Derived EV's

To investigate the impact of diet-induced obesity on protein content and PTMs within
EVs, we established a murine model designed to replicate obesity hallmarks. A high fat and
sugar diet (HFD) was initiated at 6 weeks of age and continued for a duration of 12 weeks
to induce obesity in mice (Figure S3a). Mice on the HFD exhibited an increase in body
weight and hepatic lipid accumulation compared to the control group (Figure S3b,c). To
further assess the metabolic impact of obesity, at 11 weeks of diet, both HFD and NCD mice
underwent an intra-peritoneal glucose tolerance test (ipGTT). Mice on the HFD displayed
reduced glucose removal from the circulation compared to NCD mice, thus indicating
impaired glucose tolerance as a consequence of obesity (Figure S3d,e).

Next, we analyzed the presence of proteins, as well as acetylation and glycation
events within plasma EVs in the context of obesity. We isolated plasma EVs, which poses
a substantial challenge, particularly when dealing with reduced volume samples from
murine models. To address this limitation, we pooled samples from 20 animals for each
biological replicate. Plasma EVs were characterized by nanoparticle tracking analysis
(NTA) and total protein content was quantified by BCA. Both NCD and HFD plasma EVs
presented mean sizes ranging between 100 and 150 nm (Figure S4), which falls well within
the size range for small EVs, particularly exosomes [15]. We refrained from classifying
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these EVs as exosomes, since we did not analyze their intracellular origin. NTA and
protein quantification revealed a higher particle number and total protein concentration
in EVs isolated from HFD mice, resulting in a similar protein content per particle in both
experimental groups (Figure la—c). Similarly, an increase in circulating EVs under obesity
and diabetes was observed in human studies [38-40,72].
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Figure 1. Diet-induced obesity increases the number of plasma extracellular vesicles. (a) Analysis of
the number of particles per mL of sample from control (NCD) and diet-induced obese mice (HFD).
(b) Protein quantification in plasma EVs in mg/mL, obtained by BCA. (c) Protein content per EV,
represented in mg of protein per particle. All statistical analysis were performed using unpaired ¢-test
with Welch’s correction. All data are presented as mean =+ standard error of the mean. * p-value < 0.05.
Each n represents a sample of 20 animals, n = 3 for both groups, with blue dots representing NCD
samples and orange triangles representing HFD samples.

3.2. Proteomic Analysis of Plasma Derived EV's

Next, we analyzed the protein content within plasma EVs isolated from HFD and
NCD mice. Trypsinized samples were separated by liquid chromatography, ionized by
electrospray ionization, and analyzed by tandem mass spectrometry (Figure 2a). A total
of 340 proteins were identified with statistical significance (False Discovery Rate < 0.01).
Among these proteins, five were exclusively identified in HFD EVs (Figure 2b,c), 112 pro-
teins were exclusively identified in NCD EVs (Figure 2b, Table S1); and 223 were common to
both groups (Figure 2b). Notably, the vast number of proteins exclusively identified in EVs
isolated from NCD-fed animals accounts for a considerable portion of the overall identified
proteins. Thus, we observed a decline in the number of protein species carried by plasma
EVs in an obesity environment. The 223 proteins identified in both groups were subjected
to intensity-based absolute quantification (iBAQ) and differential expression analysis. The
resulting log, (fold change) values and their respective —logig (p-value) are depicted in
Figure 2d. From those, 12 proteins were found to be regulated (p-value < 0.05). Within the
regulated proteins (Figure 2e), two proteins were upregulated (immunoglobulins), and
10 proteins were downregulated (14-3-3 protein isoforms, proteasome subunits, annexin
A7 among others).

Over-representation analysis (ORA) was conducted to gain a better understanding of
the identified proteins. In this analysis, we evaluate whether proteins exclusively identified
in one experimental group are more enriched in specific functional terms compared to
all proteins in that same experimental group, whether exclusively identified or not. This
approach allowed us to pinpoint functional terms that are particularly impacted by diet-
induced obesity. ORA was conducted using the Gene Ontology database, encompassing
three categories: biological processes, cellular components and molecular functions, as well
as the KEGG database for both NCD- and HFD-exclusive proteins. However, we observed
enrichment of functional terms meeting the significance threshold (adjusted p-value < 0.05)
solely in the molecular functions ORA for proteins exclusively identified in NCD plasma
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(a)

EVs (Figure 3). This enrichment pointed to an over-representation of functions related to
protein folding, phosphatase activity, and hydrolase activity, suggesting the relevance of
these functional terms in maintaining metabolic homeostasis. Interestingly, each of these
enriched functions was associated with at least 10 out of 16 genes, indicating a high degree
of interaction between these functional terms.
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Figure 2. Comparative protein profile in plasma-derived extracellular vesicles from NCD and HFD-
fed mice. (a) Schematic representation illustrating the experimental workflow for the analysis of
plasma EVs. Each sample, obtained from mice fed either an NCD or an HFD, underwent two rounds
of analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS). (b) Venn diagram
representing the overlap of proteins identified in NCD and HFD plasma EVs with a false discovery
rate (FDR) < 0.01. (c) List of proteins exclusively identified in HFD plasma EVs. (d) Volcano plot
representing the fold change and p-value of regulated proteins shared between NCD and HFD plasma
EVs. Dotted horizontal line indicates the threshold for a p-value < 0.05. A positive log, (fold change)
value indicates higher protein levels in diet-induced obese mice when compared to control mice.
Down-regulated proteins are represented in light blue, while up-regulated proteins are indicated in
light red. (e) List of significantly regulated proteins (p-value < 0.05) in plasma EVs from HFD mice
compared to NCD mice.
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Figure 3. Gene Ontology over-representation analysis of plasma EVs proteins identified exclusively
in NCD mice. (a) Bar plot and (b) table of enriched molecular functions and their related identified
genes. Black rectangles indicate the association between the identified gene and the enriched term.

3.3. Plasma and Gut EVs Crosstalk

Previously, our group revealed changes in the protein content of gut EVs in the context
of obesity-associated dysmetabolism [30]. These prior findings hinted at a key role of
gut-derived EVs in the spread of the metabolic dysfunction. As such, understanding the
intricate crosstalk between plasma and gut EVs becomes paramount to the identification of
mechanisms involved in the development of obesity and importantly to the identification
of possible biomarkers.

We analyzed the proteins that were shared between plasma and gut EVs (Figure 4a).
While no proteins were exclusively detected in the HFD group, we identified four pro-
teins that were exclusive to the control group of both gut and plasma EVs (Figure 4b)
(complement factor H, mannose-binding Protein A, Ig heavy chain V region TEPC 1017,
and Ig gamma-2A chain C region (secreted form)). The loss of these four proteins in both
plasma and gut EVs with the onset of obesity suggests their crucial role in maintaining
a healthy homeostatic state and their high potential as biomarkers. Future investigation
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should address the molecular mechanisms by which their absence may induce or result
from obesity.

(a) Plasma and Gut EVs
Shared Proteins (128)

b 124
(b)
FDR
Protein Gene Plasma Gut
Complement factor H Cfth  0.0000 0.0053
Ilg gamma-2A chain C region secreted form - 0.0000 0.0033
Ig heavy chain V region TEPC 1017 - 0.0070 0.0035
Mannose-binding protein A Mbl1 0.0000 0.0051

Figure 4. Obesity-associated changes in proteins shared between plasma and gut EVs. (a) Venn
diagram displaying the intersection of proteins identified in HFD mice and NCD mice, from all
proteins shared between PDEV and GDEV. All proteins presented an FDR < 0.01. (b) List of four
proteins shared between PDEV and GDEYV, present exclusively in NCD mice.

3.4. Post-Translational Modifications (PTMs) in Plasma and Gut EVs Proteins

PTMs act as precise molecular switches capable of modulating proteins’ stability,
localization, interactions, and activity. Hence, PTMs enhance the functional complexity
of proteins beyond what can be determined solely from their amino acid sequence and
folding. To evaluate shifts in PTMs’ profiles, we limited our analysis to modified peptides
from proteins shared between HFD and NCD EVs. In the case of plasma EVs, from the
223 proteins shared between both diet groups, nine proteins were acetylated with an
FDR < 0.01 (Figure 5a), with four of these proteins being exclusively acetylated in the
NCD group (Table S2). Additionally, we detected 11 glycated proteins with an FDR < 0.01
(Figure 5b), six of which were exclusively glycated in the NCD group (Table S3). Although
the total number of proteins was larger for NCD plasma EVs, these findings suggest a
decrease in both acetylation and glycation events in the context of obesity. However,
validation of these results is necessary to draw further conclusions.

Regarding gut EVs, a total of 2446 proteins were identified under the significance
threshold (FDR < 0.01). Among these proteins, 1804 were shared between HFD and
NCD EVs. Next, following the same approach employed for plasma EVs, we focused
on acetylated and glycated proteins within the shared set of 1804 proteins. Our analysis
revealed 203 acetylated proteins (Figure 5¢), with 41 proteins exclusively acetylated in NCD
(Table S4) and 29 proteins exclusively acetylated in HFD (Table S5). Interestingly, these
numbers indicate a decrease in acetylation events under obesity, mirroring the observations
made for acetylated proteins in plasma EVs. For glycation, a total of 56 proteins were
found to be glycated in gut EVs (Figure 5d), with 23 proteins exclusively glycated in NCD
(Table S6) and 22 proteins exclusively glycated in HFD (Table S7).
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Figure 5. Analysis of protein acetylation and glycation in plasma and gut EVs. (a) Venn diagram
representing the intersection of acetylated proteins identified in NCD and HFD plasma EVs. (b) Venn
diagram representing the intersection of glycated proteins identified in NCD and HFD plasma EVs.
(c) Venn diagram representing the intersection of acetylated proteins identified in NCD and HFD gut
EVs. (d) Venn diagram representing the intersection of glycated proteins identified in NCD and HFD
gut EVs. All proteins presented an FDR < 0.01. The identification of acetylated and glycated proteins
was only conducted on proteins previously identified in both NCD and HFD samples (223 proteins
for plasma EVs and 1804 proteins for gut EVs).

Acetylated and glycated proteins exclusively modified in either NCD or HFD gut
derived EVs were subjected to ORA. For these analyses, the list of 1804 proteins identified
in both NCD and HFD gut EVs was used as the background reference. Considering Gene
Ontology for cellular compartments (Figure 6a), proteins exclusively acetylated in HFD gut
EVs and proteins exclusively glycated in NCD gut EVs exhibited significant enrichment
in protein-DNA complexes, nucleosome, chromatin, and polymerase complexes, while
proteins exclusively glycated in HFD gut EVs were primarily associated with the cytoskele-
ton and actin filaments. Regarding Gene Ontology for molecular functions (Figure 6b),
proteins exclusively acetylated in HFD gut EVs were enriched in structural constituents
of the chromatin, while proteins exclusively glycated in NCD gut EVs exhibited a signif-
icant enrichment in structural constituents of the chromatin, DNA binding and protein
heterodimerization. In addition, proteins exclusively glycated in HFD gut EVs showed
significant enrichment in structural constituents related to the cytoskeleton, synapse, and
post synapse.

Considering KEGG pathways (Figure 6¢), proteins exclusively acetylated in HFD gut
EVs and proteins exclusively glycated in NCD gut EVs exhibited significant enrichment
in pathways related to viral carcinogenesis, systematic lupus erythematosus, alcoholism,
and neutrophil extracellular trap formation. It is noteworthy that histones were associated
with all four of these enriched KEGG pathways (Figure S5g,i). On the other hand, proteins
exclusively glycated in HFD gut EVs were enriched in terms that were mainly related to
apoptosis, tight junctions, motor proteins, and the phagosome. Importantly, in gut EVs,
proteins exclusively glycated in HFD, the most enriched functional term across these three
analyses were consistently linked to actin and tubulin (Figure S5b,e,/h).
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Altogether, these findings indicate that EVs transport proteins with several PTMs and
this profile is altered by obesity. Our proteomic data can serve as the basis to develop future
studies to understand how PTMs of proteins present in EVs can be modulated to contain
obesity progression.
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Figure 6. Over-representation analysis of gut EVs proteins featuring acetylation and glycation. (a) GO
enrichment analysis according to cellular components. (b) GO enrichment analysis according to
molecular functions. (¢) KEGG enrichment analysis for KEGG pathways. Dot plots represent the five
most significantly enriched terms in each group.

4. Discussion

Given the rapidly changing global dietary patterns, the prevalence of obesity and its as-
sociated health conditions continues to rise. Implementing interventions to combat obesity
could serve as a potent strategy to mitigate multiple diseases that exert a significant socioe-
conomic impact. Hence, it is crucial to understand the molecular mechanisms underlying
obesity for developing efficacious treatments. As obesity involves systemic interactions
depending on inter-organ communication, EVs play a crucial role. Importantly, several
studies have highlighted the relevance of EV cargo in maintaining metabolic homeostasis
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and enabling cell communication [16,18-20]. The protein content of EVs varies depending
on the organ they originate from. As a result, EVs found in the bloodstream comprise a
diverse mix originated from different organs, aiding in inter-organ communication. The
possibility of isolating EVs from body fluids enhances their potential as biomarkers for
diagnosis and/or prediction of treatment outcomes. Moreover, they serve as therapeutic
tools for various diseases. In this study, we present the first proteomics analysis of plasma
EVs isolated from obese animals and their overlap with gut EVs.

The obese male murine model we used not only exhibits increased body weight,
but it also reflects obesity comorbidities, such as the hallmark features of prediabetes
exemplified by glucose intolerance and liver steatosis indicated by hepatic lipid deposition
(Figure S3). Although studies of gender impact on EV content are scarce and report
inconsistent information, some have reported gender-related differences in protein, lipid,
and RNA composition, and in physiological and pathological conditions. Therefore, the
exclusive use of male mice limits the generalizability of our findings [73-77]. Consistent
with findings from human studies [72], we observed an increase in the number of plasma
EVs under obesity conditions (Figure 1). A total of 340 proteins were identified, with five
being exclusive to HFD plasma EVs and 112 exclusive to NCD EVs (Figure 2). Although
EV samples were isolated through a rigorous protocol that includes multiple rounds of
ultracentrifugation and a sucrose cushion, complete elimination of contaminant proteins
remains a challenge. We detected the presence of ApoA2 and immunoglobulins, both of
which are present in high levels in plasma [78-80]. Nevertheless, our findings suggest a
reduction in cargo diversity in diet-induced obesity, indicating that the messaging system
becomes more refined and intense, with an increased number of circulating EVs, or that
cells try to compensate the lack of protein diversity with heightened EVs secretion. Either
way, this may represent an adaptive mechanism or a response to ongoing metabolic changes.
The key finding here is that plasma EVs encapsulate proteins that are lost as the disease
progresses, highlighting their crucial role in maintaining metabolic homeostasis. These
proteins could provide insights into the mechanisms underlying obesity.

A further analysis using ORA unveiled a significant enrichment of proteins associated
with protein-folding processes among the 112 proteins exclusively identified in plasma
EVs isolated from control animals, particularly chaperonin-containing TCP1 and heat-
shock proteins (Figure 3). Indeed, the functionality of a protein is intrinsically linked to its
conformation, and anomalies in protein folding lead to a range of alterations associated with
the etiology of various human diseases, including 3-cell dysfunction [81-84]. Important
examples of this association include the islet amyloid polypeptide, which forms toxic
aggregates leading to {3-cell dysfunction and death [82,83], and heat shock factor 1, a
transcriptional activator of molecular chaperones involved in the development of T2D [84].

Regarding the 12 regulated proteins identified in plasma EVs common to both NCD
and HFD (Figure 2), it is worth noting that the 14-3-3 proteins presented higher expression in
NCD plasma EVs, whereas immunoglobulins presented higher expression in HFD plasma
EVs (Figure 2d,e). The 14-3-3 proteins are molecular adaptors which regulate a broad
spectrum of signaling pathways and, more importantly, are known to have a beneficial
effect on 3-cell function and survival, which may be comprised in prediabetes [85]. On
the other hand, the increased expression of immunoglobulins in HFD plasma EVs could
indicate the onset of subclinical chronic inflammation, characteristic of obesity [86].

One of the novel aspects of this study is the analysis of protein PTMs within EVs,
aiming to identify signaling molecules that are acetylated and glycated. These molecules
have the potential to directly influence signaling functions within the recipient cells, either
enhancing or inhibiting them. PTMs act as a dynamic and finely tuned molecular switches
that can significantly alter protein function, stability, and interactions [87,88]. Our investiga-
tion into acetylated and glycated proteins within plasma EVs revealed a trend—obesity was
associated with decreased acetylation and glycation events (Figure 5a,b). This observation
suggests that the regulation of these PTMs is altered by the onset of obesity. The similarity
between proteins exclusively acetylated in gut EVs in the HFD group and proteins exclu-
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sively glycated in the NCD group suggests that these proteins, mainly histones, undergo
regulatory shifts by PTMs under obesity conditions. Importantly, this regulation of PTMs
is detectable within the intercellular communication network, indicating their relevance in
the context of organ crosstalk in obesity. Given the well-established roles of PTMs in insulin
signaling, glucose metabolism, and the development of associated complications [42—44],
this finding opens up new avenues for understanding the molecular mechanisms under-
lying obesity. Importantly, it calls our attention to the need to not only to examine the
presence of a given protein but also consider its PTM status. Further research into the
functional consequences of these PTM alterations in the context of metabolic health and
disease progression is warranted.

Expanding on our previous study of the protein cargo within gut EVs in obesity, we
reanalyzed the data focusing on PTMs. We observed a decrease in acetylation events
associated with obesity, indicating a potentially intricate regulatory mechanism for these
PTMs that may involve interactions with other organs (Figure 5c). When analyzed by ORA,
the 29 proteins exclusively acetylated in HFD gut EVs showed an enrichment in GO func-
tional terms related to chromatin, nucleosome, and DNA transcription, with histones being
the main enriched proteins (Figures 6a,b and S5). These proteins interact with DNA and
provide structural support to chromatin, regulating its condensation according to their own
PTM profile [89]. While these associations suggest a crucial role for acetylation, especially
of histones, thus controlling transcription in regulating obesity, further research is needed
to unravel the precise mechanisms and functional implications of these observations in the
context of metabolic health and disease. More intriguingly, the enriched functional terms
obtained from KEGG pathways include viral carcinogenesis, systemic lupus erythematosus,
alcoholism, and neutrophil extracellular trap formation (Figure 6¢). These four pathways
have been associated with histone acetylation, suggesting their possible interconnection
with the development of obesity [90-94].

After analyzing the 23 proteins exclusively glycated in NCD gut EVs using ORA, the
results for GO and KEGG were very similar to those for proteins exclusively acetylated
in HFD EVs (Figure 6), even with some proteins shared between the two conditions
(Figure S5). This not only indicates that these enriched functions are impacted by obesity,
but also strongly suggests that they are regulated by a shift in histones” PTM profile. More
precisely, these changes could involve an interplay between two types of modifications:
glycation and acetylation. This interplay suggests that histone acetylation and glycation
may compete for the same sites, since both modifications primarily occur on lysine and
arginine residues [95-97]. Exploring the specific glycation and acetylation sites of these
proteins will be crucial to pinpoint the regulatory mechanism of inter-organ communication
mediated by EVs under prediabetic conditions.

ORA enrichment of the 22 proteins exclusively glycated in HFD gut EVs revealed
several GO terms related to cellular structural stability (Figure 6). The most enriched
proteins were actin and tubulin (Figure S5). Glycation of both proteins leads to an increase
in endothelial permeability, which compromises the gut barrier during T2D [98-100]. ORA
enrichment also revealed KEGG pathways associated with cellular structure and integrity.
The enriched pathways of amyotrophic lateral sclerosis, dilated cardiomyopathy and
hypertrophic cardiomyopathy are potentiated by increases in blood central nervous system
barrier permeability and sarcolemmal permeability, respectively [101-103]. It is possible
that gut EVs are transporting glycated structural proteins and delivering them to other
organs, thereby increasing the risk of developing such pathologies. Further research is
needed to explore the mechanistic details and functional implications of these observations.

The crosstalk between plasma and gut EVs adds an extra layer of complexity to our
understanding of obesity. In this study, we identified four proteins exclusively present in
both plasma and gut EVs under healthy conditions (Figure 4a,b). Their absence in obesity
raises questions about their role in maintaining metabolic homeostasis. These proteins
possess high biomarker potential for a healthy physiological state, as their presence is lost in
obesity. Notably, the term “immune response” emerged as significant when examining the
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function of individual proteins, suggesting that disruption in immune system regulation
may play a crucial role in metabolic dysfunction [104]. Complement factor H, one of these
proteins, has previously been linked to metabolic disorders, reinforcing its relevance in
the context of prediabetes [105]. The detection of proteins shared between plasma and gut
EVs highlights the possibility of a non-invasive method to evaluate gut health through
the analysis of blood-derived EVs. However, most proteins identified in gut EVs were not
found in plasma EVs. We attribute this primarily to anatomical and physiological factors.
Gut EVs are released into the portal vein, which directly drains into the liver, where they
may be up taken by liver cells, reducing their contribution for the overall population of EVs
in systemic circulation. Moreover, the exact mechanisms by which these altered protein
cargos and PTMs contribute to obesity progression remain elusive. Further research is
needed to elucidate these mechanisms, potentially through functional studies.

5. Conclusions

This study illuminates the novel role of EVs in obesity and their potential as biomarkers
for early metabolic dysfunction. The changes in protein composition and PTMs offer new
perspectives into the molecular mechanisms behind obesity. These findings have the
potential to pave the way for early intervention strategies to combat the rising prevalence of
obesity, emphasizing the critical role of EVs in understanding and addressing these health
challenge. Further research in this growing field promises to unravel more intricacies and
insights, ultimately advancing our ability to prevent and treat obesity more effectively.
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to Figures 2b and 3; Table S2: List of four proteins shared between NCD and HFD plasma EVs, but
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Abstract: In a study addressing the high risk of chronic diseases in people with diabetes and
obesity linked to metabolic syndrome, the impact of a Golden Berry diet was investigated using
a diabetic animal model. Obese rats with diabetic characteristics were fed a diet containing five
percent Golden Berry for 16 days. This study focused on various parameters including organ weights,
expression of metabolic genes, and urinary biomarkers. Post-Golden Berry intake, there was a notable
decrease in the body, liver, pancreas, visceral, and subcutaneous adipose tissue weights in these obese,
hyperglycemic rats. In contrast, an increase in brown adipose tissue (BAT) cell mass was observed.
This diet also resulted in reduced blood glucose levels and normalized plasma biochemical profiles,
including cholesterol, triglycerides, LDL, and HDL levels. Additionally, it modulated specific urinary
biomarkers, particularly pipe-colic acid, a primary marker for type 2 diabetes. Bioinformatics analysis
linked these dietary effects to improved insulin signaling and adipogenesis. Regular consumption of
Golden Berry effectively prevented insulin resistance and obesity in rats, underscoring its significant
health benefits and the protective role of an antioxidant-rich diet against metabolic syndrome. These
findings offer promising insights for future therapeutic strategies to manage and prevent obesity and
related chronic diseases.

Keywords: Golden Berry (Physalis peruviana); metabolic syndrome; insulin resistance; obesity;
nutritional intervention

1. Introduction

Individuals with metabolic syndrome face an elevated risk of health problems like
high blood glucose levels, abnormal lipid levels, high blood pressure, obesity, and insulin
resistance [1]. Obesity typically stems from an excess intake of calories beyond the body’s
daily requirements [2]. The World Obesity Federation defines obesity as a chronic condition
that harms health, raises disease risk, and increases worldwide healthcare costs [3].

Insulin resistance occurs when cells fail to respond to insulin, causing high blood
sugar levels. To counteract this, the pancreas produces extra insulin. If insulin resistance
persists, it may exhaust the pancreas, increasing the risk of developing type 2 diabetes [4].

Insulin resistance is tied to factors like obesity, sedentary behavior, poor dietary choices,
genetics, and environmental factors. It is also connected to health issues like cardiovascular
disease and metabolic syndrome. Managing and preventing insulin resistance usually
requires lifestyle adjustments, such as adopting a healthy diet and regular exercise, and
sometimes, medical intervention [5].
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Due to the increasing prevalence of obesity and its associated problem of insulin
resistance, there is a growing interest in researching natural foods with bioactive compo-
nents that may help improve these metabolic issues. The primary aim of this research is to
prevent or even reverse these conditions [5].

The Golden Berry (Physalis peruviana), native to South America, is an exotic fruit now
grown in tropical and subtropical regions. It is a small fruit, about 4 to 5 g, with a zesty
outer covering. As it matures, its acidity increases while the pH decreases [6]. This fruit is a
nutritional powerhouse, containing vitamins A, C, B complex, polyunsaturated fatty acids,
phytosterols, and minerals [7]. This fruit is notably rich in antioxidants such as carotenoids,
flavonoids, and phenolic acids, known for their role in preventing chronic diseases, in-
cluding metabolic disorders. Furthermore, both in vitro and in vivo studies indicate that
Physalis peruviana may possess anti-inflammatory, antidiabetic, and antihyperlipidemic
properties [8].

Studies confirm the positive impact of Golden Berry consumption on metabolic dis-
orders. For example, when rats on a high-fat diet were given Golden Berry, they showed
reductions in body weight, total cholesterol, triglycerides, and blood glucose levels. Ad-
ditionally, there was an improvement in insulin sensitivity [9]. In a similar vein, diabetic
rats treated with a Golden Berry extract displayed lower blood glucose levels, improved
glucose tolerance, and decreased oxidative stress markers in comparison to a control group.
In sum, Golden Berry consumption has demonstrated potential in managing metabolic
disorders [10].

Therefore, this study’s core objective is to investigate the effects of consuming Golden
Berry on anatomical changes, plasma metabolites, genes, and urinary biomarkers in a rat
model simulating obesity and insulin resistance.

2. Materials and Methods
2.1. Plant Material

Golden Berry “Dorada” is a variety selected by AGROSAVIA (Ref. ICA UCH-16-02)
which are grown by the company Caribbean Exotic S.A.S. at the farm “La Bendiciéon”
(6.23779 latitude/75.32.45 longitude) in San Vicente Ferrer, Antioquia, Colombia [8,11].

2.2. Diets and Animals

This study involved 64 Wistar rats (Rattus norvegicus), both male and female, of the
Wistar WI IOPS AF/Han type. These rats were housed in the Experimental Unit of the
Industrial University of Santander. We confirmed that there were no exclusions in the
study, ensuring that the sample represented the entire group of participating animals.
Additionally, the assignment of the rats to the experimental control and treatment groups
was conducted through a process of randomization, thereby minimizing potential biases
and ensuring the reliability of the study’s findings. The sample size was meticulously
calculated using a specific equation to ensure statistical validity Equation (1).

n=20Z1 — p+7Zy —a/2)*c? (1)

(6=0.7),(Z1 =0.842), (8 = 0.20), (« = 0.05), (¢ = 2) (measured through the standard
deviation), so that their product is close to 1.401; n = 8. The rats were maintained under
controlled conditions, with ad libitum access to food and water. The research consisted of
four experimental groups: (i) Standard Diet (SD), n = 8; conventional diet composed of
20% protein, 16% fat, 64% carbohydrates; (ii) Standard Diet with Golden Berry (SD-GB),
n = 8; the conventional diet was supplemented with 8% (w/w) fresh Physalis peruviana
fruit, finely chopped into small pieces, and added to the diet; (iii) High-Fat Diet (HFD),
n = 8; composed of 19% protein, 43% fat, 38% carbohydrates; and (iv) High-Fat Diet with
Golden Berry (HFD-GB), n = 8; the HFD was supplemented with 8% (w/w) fresh Physalis
peruviana fruit, finely chopped into small pieces, and added to the diet, as shown in Table 1.
Abdomen circumference, body weight, and animal length were measured each week [12].
Body mass index (BMI) was calculated using the equation BMI = Weight (g)/Length
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(cm?) [13]; urine and blood samples were collected at the beginning (pre-) and end of the
experiment (post-day 16). Specifically, urine samples were collected and centrifuged at
7000x g rpm for 15 min and filtered under pressure with a microporous syringe filter of
0.22 pm (Minisart- RC25, Sartorius., Gotinga, Alemania). After animal sacrifices, liver,
pancreas, visceral adipose tissue (VAT), brown adipose tissue (BAT), and subcutaneous
adipose tissue (SAT) were collected and weighed. Blood samples were centrifuged, and
glycemia and lipid profile, including cholesterol, triglycerides, high-density lipoprotein
(HDL), and low-density lipoprotein (LDL), were measured following the manufacturer’s
protocols (Wiener Lab, Rosario, Argentina) and read at 280 nm with the spectrophotometer
Synergy H1 (BioTek, Santa Clara, CA, USA) [14].

Table 1. The composition of rat diets.

Diet Type Protein (%) Fat (%) Carbohydrates (%) Kcal/g
SD 20 16 64 4.8
HFD 19 43 38 5.37

Supplemented with 8% (w/w) fresh Golden Berry fruit, finely chopped into
small pieces, and added to the diet.

Standard Diet (SD), High-Fat Diet (HFD), Semi-purified diets were selected for their ability to provide consistent
and precise nutrient intake. These diets were composed of refined ingredients, each sourced specifically for its
nutritional content (proteins, fats, carbohydrates). Two commercial products were utilized for vivarium use.
Stringent monitoring of raw material batches was conducted to ensure these Conventional Nutrition formulas
were devoid of any biological, environmental, or physical contaminants. The consumption of Golden Berry (GB)
was conducted using fresh fruit, which was carefully chopped into pieces to facilitate its intake by the animals.

GB

2.3. Gene Expression

Gene extraction and amplification was performed on SAT, and peroxisome proliferator-
activated receptor gamma (PPARY), fatty acid synthase (FasN), insulin receptor (INSR),
and lipoprotein lipase (LPL) gene expression was evaluated by real-time polymerase chain
reaction (qPCR) [2]. Briefly, RNA was extracted with TRIzol (Ambion, Waltham, MA,
USA), followed by quantification with NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA); RNA samples were purified with DNAse I treatment (Promega, Madison, Wiscon-
sin, USA), followed by retrotranscription with M-MLV reverse transcriptase (Invitrogen,
Waltham, MA, USA). Real-time qPCR amplification was carried out using primers designed
with Biosearch Technologies Software (https://www.genscript.com/tools/real-time-pcr-
tagman-primer-design-tool?src=google&utm_source=google&utm_medium=cpc&utm_c
ampaign=0ligo-qPCR_Probes_Design_Tool _NA&jiraid=12194&gad_source=1&gclid=CjOK
CQiAtaOtBhCwARIsAN_x-3K2QGTD4HnilgZbNEMyTviHGdBritqIPPt8v2te-pZ0hdBJwl
sS6aYaAu2pEALw_wcB accessed on 6 April 2023) (Bio-Rad, Hercules, CA, USA): For-
ward (F) and Reverse (R) for INSR: F: GCGGGGTGAAGACGGTCAATG, R: TGACAGGT-
GAAGCCCTTCATG,; FasN, F: GCTGCCGTGTCCTTCTTCTACTAC, R: GGTACTTGGC-
CTTGGGTGTTTATAC; PPARY, F: GAACCCAGAGTCTGCTGCTGATCTCTG, R: TCAGCG
GGAAGGACTTTATGTATG and, LPL, F: GGCTCTCTGCCTGAGTTGTAGAAAG, R: TCTT
GGCTCTCTCTGACCTTGTTGA. All samples were amplified in thermal cycler- CEX96
(Bio-Rad, Hercules, CA, USA), and quantitative analyses were performed with Gen 5
Software (BioTek, Winooski, VT, USA) [14].

2.4. Analysis UPLC/ESI-Q-Orbitrap

A UPLC-ESI-Q-Orbitrap system was used to analyze diluted urine. Chromato-
graphic separation was performed coupled to a pre-column (130 A, 1.7 um particle size,
2.1 mm x 5 mm, Waters). UHPLC (Thermo Fisher Scientific, Waltham, MA, USA) was cou-
pled to an ESI-Q/Orbitrap mass detector (Thermo Fisher Scientific, Waltham, MA, USA).
The mobile phases were solvent A (water + 0.1% formic acid) and solvent B (acetonitrile +
0.1% formic acid). The elution gradient started at 0% of B. The high-resolution mass detector
ESI-Q-Orbitrap system was used under a complete scan from 100 to 1000 Da in continuous
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mode. The column was kept at 40 °C. For untargeted metabolomics, mass spectrometry
analyses were performed with a constant collision energy of 6 eV. The raw data were
analyzed by progenesis QI software (https:/ /www.waters.com/nextgen/us/en/products/
informatics-and-software/mass-spectrometry-software / progenesis-qi-software / progenesis-
qi.-html accessed on 28 July 2023). (Waters Inc., Milford, MA, USA). Subsequently, the data
drift was corrected using the Metabodrift [15]. For UPLC/ESI-Q-Orbitrap analysis, multi-
variate data analysis was conducted with software SIMCA Version 15.0.2 (Sartorius Stedim
Data Analytical, Goettingen, Germany) in order to identify metabolites between groups
with and without Golden Berry consumption (baseline) [16].

2.5. Discovery of Biological Association Networks

Ingenuity Pathway Analysis (IPA) software (https://analysis.ingenuity.com/pa/
installer/select accessed on 25 August 2023).(Ingenuity, Redwood City, CA, USA) was used
for the discovery of association networks of the urine metabolites [12]. The metabolites
KEGG IDs and log2 FC (fold change) were used to identify possible interactions with bio-
logical molecules. The p-values were calculated using Fisher’s exact test to determine the
probability of association between the metabolites in the dataset; the logarithm (p value) > 2
was taken as the threshold and a Z score > 2 was defined as the threshold of significant
inhibition for canonical pathway, disease, and function analysis.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism® version 8.0 (GraphPad
Software, San Diego, CA, USA) and SPSS/Windows software version 15.0 (SPSS Inc.,
Chicago, IL, USA). All results were expressed as mean =+ standard error (SEM). One-way
analyses of variance (ANOVA) with Tukey’s test were applied for the analysis of more than
2 groups. In all cases, a p-value < 0.05 indicated a statistically significant difference between
tested groups.

3. Results
3.1. Anatomical Measurements

The results in Table 2 show anatomical parameters showing how rat body weight
changed after treatments with or without Golden Berry compared to their initial measure-
ments. The post-diet (HFD-post) shows a significant increase in weight compared to its
initial state (HFD-pre) in both males (p = 0.0014) and females (p = 0.0004). Among the
post-treatment values, HFD-post exhibits the most significant differences compared to
others, notably in males (p = 0.000012) and females (p = 0.0148) concerning SD, SD-GB
(males p = 0.000012, females p = 0.00089), and HFD-GB only in males (p = 0.0077), as females
showed no significant differences (p = 0.90008). Furthermore, when comparing the effects of
all post-treatments, it was observed that HFD-post had significant differences compared to
SD-post, but only in males (p = 0.0001) and not in females (p = 0.1440). However, HFD-post
showed significant differences when compared to SD-GB-post (males p = 0.0020, females
p = 0.0083) and HFD-GB-post (males p = 0.0277, females p = 0.0236).

Table 2. Pre and post results of anatomical and biochemical parameters in treatments with and
without Golden Berry applied to the in vivo model of male and female Wistar rats.

X Anatomicl SD SD-GB HFD HFD-GB
n Parameters Pre Post Pre Post Pre Post Pre Post

" . 527 + 1845 .
? Weight 3703+ 17.89 397241749 39542088 4144+ 165 4188+ 1.448 £l 422+£942  457.1+944

=)

=

P BMI 021840006 022140014 020640002  0195+0006 0218+0003 U3 E005 425810005 0258+ 0003
2 Weight 286+ 9.77 3118+846 27114379 29614110 27934054 L ESS g4 4904 B105E25
<

é BMI 019140012 019140012 018240002  0181+0004 018440002  O7E0007 9215 19009 0219 %0003
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Table 2. Cont.

w  Biochemical SD SD-GB HFD HFD-GB

=

» Parameters Pre Post Pre Post Pre Post Pre Post
GLY 177 4 959 20941017  1765+1196 208341038 1314964 205 E 468 ypg54 703 R LT

119 4+ 9.41 ¢

CHO 314397 40144587 31174421 38674568 2933 +348 s 2754278 26+2

W

= 91.4 +9.51

= TG 53.23 4397 66 + 141 58.67£233 2067 +145°  39.61 + 482 fde 58.67 4393 3541855

=
LDL 198543878 ABEBM ooz BOAEIA 91619000 168213 78934107 DA EILO
HDL 201 +3988 922 on0343071 278741501 13284655 OO TI20 ypgi223 275147508
GLY 1902+£265  176+1097 1716 +159  1867+1622 14491404 231+1073b¢ 165341745 191+ 1361

. CHO 2633+120 27674088  245+126  2567+176  17.67+145  53+379bde 274116 3275+ 1.38°

=

é‘ TG 72754149 7224948 65.8 4 5.01 BIBLEL6T  gya5 1039 123EB geniq061  57.33+333f

=

s LDL 26294337 26014860  1171+4351 2796+503° 10114402 2093 E1028 55530435 215744908
HDL 215743549  340+1549° 1598 +£3239 304 +£778¢ 240145674 312449529 76204147 2849 £ 7718

SD: Standard Diet; SD-GB: Standard Diet with Golden Berry; HFD: High-Fat Diet; HFD-GB: High-Fat Diet with
Golden Berry; pre: before; and post: after treatment. BMI: body mass index; GLY: glycemia; CHO: cholesterol;
TG: triglycerides; LDL: (low-density lipoprotein) cholesterol; HDL: (high-density lipoprotein) cholesterol. ? vs.
SD pre; © vs. SD post; © vs. SD-GB pre; ¢ vs. SD-GB pre; ¢ vs. HDF pre; { vs. HDF post; 8 vs. HDF-GB.

3.2. Biochemical Parameters

The results presented encompass pre- and post-evaluations of various biochemical
parameters under different dietary conditions, showing statistically significant differences
between genders and dietary treatments. These results are divided into five categories, as
shown in Table 2.

Glycemia response to diet: The HFD-post led to significantly higher levels compared
to the initial HFD state (males p = 0.000001, females p = 0.000077) and compared to the
SD-post (males p = 0.0074, females p = 0.0304). Interestingly, for the addition of Golden
Berry (HFD-GB-post), significant differences were observed only in males (p < 0.000001)
and females (p = 0.04966).

Cholesterol levels and dietary influence: Cholesterol levels spiked significantly in
the HFD group across genders (males p < 0.000001 and females p < 0.000001). Compared
to other diets, SD (males p < 0.000001, females p < 0.000001), SD-GB (males p < 0.000001,
females p < 0.000001), and HFD-GB (males p < 0.000001, females p = 0.000003). This eleva-
tion was markedly higher, suggesting a strong impact of high-fat content on cholesterol
levels. The Golden Berry inclusion in diets (both SD-GB and HFD-GB) showed an apparent
moderating effect.

Triglyceride dynamics across diets: Post-HFD triglyceride levels significantly sur-
passed initial levels for both genders (males p < 0.000001, females p = 0.0027). In compari-
son to other dietary treatments, SD (males p = 0.00552, females p = 0.0010), SD-GB (males
p < 0.000001, females p = 0.000002), and HFD-GB (males p < 0.000001, females p = 0.000173).
This increase was the most pronounced, illustrating the impactful role of high-fat content
on triglyceride levels.

LDL-cholesterol variations: Each treatment exhibited significant differences in post-
treatment concentrations compared to its baseline: SD-post (males p = 0.0185), SD-GB-post
(males p = 0.0042), females p = 0.0004), HFD-post (males p = 0.0350, females p = 0.0352),
and HFD-GB-post (males p = 0.0018, females p = 0.000098). Notably, males in the SD-post
group showed a unique response when compared to HFD-post (p = 0.0070), indicating a
differential gender-specific impact of these diets on LDL levels.

HDL-cholesterol trends followed a similar pattern, showing significant differences
between treatments. SD-post exhibited significant differences in comparison to its initial
state (males p = 0.0166, females p = 0.0155), and SD-GB-post had significant differences
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compared to its baseline, but only in females (p = 0.0051). Differences were also observed
between HFD-post and its initial state exclusively in males (p = 0.000083), as well as in
both males and females when comparing HFD-GB-post with its initial state (males p =
0.000005, females p < 0.000001). The response of HDL levels to the diets was gender-specific
and varied across different dietary compositions, particularly highlighting the role of
Golden Berry.

Interconnected implications: This study reveals a complex interaction between diet
composition, gender, and metabolic health. High-fat diets consistently led to adverse
effects across all parameters, which were somewhat mitigated by the inclusion of Golden
Berry. This indicates the potential of dietary modifications in managing diet-induced
metabolic changes. Gender-specific responses further emphasize the need for personalized
dietary recommendations. The cross-linking of these parameters underlines a multi-faceted
approach to understanding dietary impacts on health, suggesting a broader narrative of
diet and metabolic interplay.

3.3. Impact of Dietary Variations on Organ and Adipose Tissue Weights in Wistar Rats: The Role
of Golden Berry Supplementation

The results in Table 3 show the tissue weights of rats exposed to different diets. Liver:
Significant differences were observed when comparing liver weights between rats in the
HFD treatment and the SD group (males p < 0.000001, females p < 0.000001), SD-GB (males
p <0.000001, females p < 0.000001), and HFD-GB (males p = 0.00004, females p < 0.000001).
Additionally, SD showed significant differences in comparison to SD-GB (p = 0.00124) and
HFD-GB (p = 0.000739), but only in females, while SD-GB had significant differences in
relation to HFD-GB in both (males p = 0.00140 and females p < 0.000001). The liver weight,
particularly in the SD-GB and HFD-GB groups, indicated a slight yet significant reduction
when compared to their respective control groups. This points to a potential beneficial
impact of Golden Berry supplementation in modulating liver weight, a crucial factor in
metabolic health.

Pancreas: HFD resulted in higher organ weights in both males and females compared
to SD (males p < 0.000001, females p = 0.000011), SD-GB (males p < 0.000001, females
p =0.000008), and HFD-GB (males p < 0.000001, females p = 0.01205). Furthermore, SD-
GB had differences compared to HFD-GB (males p = 0.000004, females p = 0.003009),
and in females, SD and SD-GB showed significance in relation to HFD-GB (p = 0.01075
and p = 0.003009, respectively). Regarding pancreatic weight, the variations observed
across the groups were minimal, suggesting a relative stability of this organ’s mass under
varying dietary conditions. This finding contributes to the understanding of the pancreas’s
resilience to dietary changes.

Adipose tissues: Both VAT and SAT in males and females exhibited similar trends.
HFD led to higher VAT and SAT weights in males compared to SD (VAT: p < 0.000001,
SAT: p <0.000001), SD-GB (VAT: p < 0.000001, SAT: p < 0.000001), and HFD-GB (VAT:
p < 0.000001, SAT: p < 0.000001). SD also showed significant differences compared to SD-
GB (VAT: p = 0.00066, SAT: p = 0.000051) and HFD-GB (VAT: p < 0.000001, SAT: p < 0.000001).
Notably, when evaluating SD-GB in comparison to HFD-GB, significant differences were
observed (VAT: p < 0.000001, SAT: p < 0.000001). For females, the pattern was similar to
males. HFD resulted in higher VAT and SAT weights compared to SD (VAT: p < 0.000001,
SAT: p <0.000001), SD-GB (VAT: p < 0.000001, SAT: p < 0.000001), and HFD-GB (VAT:
p =0.002743, SAT: p < 0.000015). However, HFD-GB showed a reduction in adipose tis-
sue weights compared to SD (VAT: p < 0.000001, SAT: p < 0.000001) and SD-GB (VAT:
p <0.000001, SAT: p < 0.000001), with SD-GB only displaying significant differences on SAT
in comparison to SD (p = 0.001214). A notable observation was made in the context of
visceral adipose tissue (VAT) weights. In the HFD group, a substantial increase in VAT was
documented. However, in the presence of Golden Berry supplementation, this increase
was significantly mitigated, implying a protective effect of this dietary component against
the fat accumulation typically associated with high-fat diets.
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This study also shed light on the dynamics of brown adipose tissue (BAT). A decrease
in BAT weight was noted in the HFD group, whereas an increase was observed in the
Golden Berry-supplemented groups. This suggests a role for Golden Berry in promoting
BAT mass, a tissue known for its metabolic benefits.

Similar trends were observed in subcutaneous adipose tissue (SAT), where the HFD
group exhibited increased weights, but the introduction of Golden Berry appeared to
counteract this effect, especially in male rats. This finding underscores the potential of
Golden Berry in regulating adipose tissue distribution and growth.

Table 3. Mean and standard error of relative organ weights in different treatment groups with and

without Golden Berry in an in vivo model of Wistar rats (g/kg body weight).

SEX Organ SD (g/kg) SD-GB (g/kg) HFD (g/kg) HFD-GB (g/kg)
Lv 29.25 +4.80 25.14 £3.93 30.61 4 16.77 @b 28.59 4 12.63 &P<
0 Pc 1.72 £0.27 1.51 £0.70 1.63 £0.99 1.63 £ 0.61
E VAT 15.70 £ 0.0569 8.9 £0.1263 39.0 + 0.9886 &b 24.19 + 0.3004 2b<
= BAT 4.11 + 0.0546 4.76 £+ 0.0320 0.93 + 0.0356 &P 2.19 £ 0.0121 &b
SAT 18.32 + 0.0832 10.76 + 0.1515 40.13 + 0.2659 &P 32.46 + 0.6124 2P
Lv 26.49 £ 8.97 25.24 £99.72 31.54 + 17.05 b 29.04 + 15412
! Pc 1.64 +0.50 1.55 +16.27 237 +£8494 211+1.69%
é VAT 13.67 + 0.0815 12.71 £+ 0.0498 53.46 + 0.917 ab 45.15 + 0.9088 b
% BAT 3.70 £+ 0.0105 5.66 £ 0.0210 1.39 4 0.0132 2b 3.02 £ 0.0119 &b<
SAT 17.33 + 0.0717 13.30 + 0.1447 49.80 + 0.4652 2 44.89 +£0.61322

Values are presented as mean =+ standard error in grams per kilogram of body weight. SD: Standard Diet; SD-GB:
Standard Diet with Golden Berry; HFD: High-Fat Diet; HFD-GB: High-Fat Diet with Golden Berry. Lv: liver; Pc:
pancreas. VAT: visceral adipose tissue; BAT: brown adipose tissue; SAT: subcutaneous adipose tissue. # vs. SD;
b vs. SD-GB; © vs. HFD.

3.4. Comparative Analysis of Key Gene Expressions Influenced by Dietary Variations

The results in Figure 1a display the gene expression of INSR and FasN. Notably, the
HFD-post diet presented a significant reduction in INSR gene expression with respect to SD-
post males (p = 0.0316) and females (p = 0.0002), SD-GB-post only in females (p = 0.01342),
and HFD-GB-post males (p = 0.0019) and females (p = 0.000005). HFD-GB-post in relation
to SD-GB in males (p = 0.0213); and in females in relation to SD (p = 0.003642) and SD-GB
(p = 0.000087). As for standard diets, only females presented significant differences between
SD-post and SD-GB-post (p = 0.02213).
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Figure 1. Gene expression (a) INSR and FasN and (b) PPARG and LPL in males and females
in treatments with and without Golden Berry. Effects of Golden Berry supplementation on gene
expression influenced by dietary variations in Wistar rats. (a). Gene expression of INSR and FasN: The
figure shows the expression of INSR and FasN in different diets. A significant increase in INSR gene
expression was observed in the HFD-GB diet compared to the HFD diet in both males (p = 0.0316)
and females (p = 0.0002). Golden Berry increases INSR expression and decreases FasN expression in
Wistar rats fed with HFD (1 = 8; one-way ANOVA followed by Tukey’s multiple comparison test;
**p <0.01) over a 16-week intervention period compared to rats fed with SD. (b). Gene expression of
PPARy and LPL: The figure illustrates the increase in PPARy expression and the decrease in LPL,
showing significant differences compared to HFD in both males (p = 0.04062) and females (p = 0.02009)
and with HFD-GB. Groups are represented as (i) Standard Diet (SD), n = 8; (ii) Standard Diet with
Golden Berry (SD-GB), nn = 8; the conventional diet is supplemented with 8% (w/w) Golden Berry.
(iii) High-Fat Diet (HFD), n = 8; and (iv) High-Fat Diet with Golden Berry (HFD-GB), n = 8; the HFD
diet is supplemented with 8% (w/w) Golden Berry. * p < 0.05, ** p < 0.01, *** p < 0.001.

The results in Figure 1b show the expression of PPARY for all diets tested. The highest
gene expression of PPARy was observed in the HFD-GB diet, with a significant increase
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compared to SD in males (p < 0.000001), SD-GB in both males (p < 0.000001) and females
(p =0.001193), and HFD in both males (p < 0.000001) and females (p = 0.000026). The
treatment with high PPARy expression was SD, showing significant differences compared
to SD-GB in males (p = 0.04062) and females (p = 0.02009) and with respect to HFD in
females (p = 0.00040).

LPL exhibited maximum expression in the HFD diet, which, when compared to the
other diets, demonstrated high significance with respect to SD in males (p < 0.000001) and
females (p = 0.000017), SD-GB in males (p < 0.000001) and females (p = 0.000028), and
HFD-GB in males (p < 0.000001) and females (p = 0.00005).

These results indicate that dietary variations, especially the incorporation of Golden
Berry in high-fat diets, significantly influence the expression of genes related to metabolism
and insulin signaling in Wistar rats. The data suggest a notable impact of diet on metabolic
gene regulation, with implications for understanding dietary influences on health.

3.5. Metabolic Profiling and Biomarker Discovery in Rat Urine Post-Golden Berry Consumption:
An OSC-PLS-DA Approach

In the analysis of rat urine samples before and after Golden Berry consumption,
significant urinary biomarkers were successfully identified with low standard deviation
values in quality control pools. An OSC-PLS-DA model was applied to differentiate
between urine samples of rats with and without Golden Berry consumption. This model
generated a list of the most important ions based on their VIP scores, as shown in Table 4.
The model’s performance was considered acceptable, with a CV-ANOVA value of 2 X
1075, an R2X value of 0.46, an R2Y value of 0.99, and an RQ2 value of 0.83. Furthermore,
permutation tests for cross-validation did not reveal signs of overfitting.

Unidentified compounds: The primary discriminant ions were identified as m/z
432.34 [M + H] and m/z 430.333. The first discriminant metabolites, which differ only by
hydrogenation, could not be identified. The second-most discriminant metabolite had an
m/z value of 380.1914 [M + H], and its fragmentation pattern corresponded to the loss of
NH3 (resulting in a fragment at m/z 363.1639 with a mass loss of 17.02 amu), hydration
(yielding a fragment at m1/z 345.1534 with a mass loss of 18.01 amu), and glucuronidation
(producing a fragment at m/z 169.11219 with a mass loss of 176.03 amu). Subsequently,
phase I and II transformations led to a predominant fragment at m/z 169.11219, which
displayed a fragmentation pattern consistent with geranic acid (C19H160;), a compound
previously observed among the flavor compounds in Golden Berry [17].

Table 4. Main urinary biomarkers of Golden Berry consumption in rats.

Average Relative

VIP Score p-Value Intensity
i E MS2
?1\21"115 (miny  FORMULA Z  gentifestion HMDB il s("/?f’:il)ued After
TU vs. TS B/A Before GC
432.3470 12.55 CaHysNO; 3.29 1 Unknown 98£90675 ((11(%0)? 95 % 1073 <10 5,008,467
98.0965 (100);
4303314 12.46 2.95 1 Unknown 8107 (10) <10 300,000
CioH1602- 345.1534 (100);
380.1914 11.73 glu-H,O- 2.62 1 Geranicacid 0303972 2 169.1219 (60) 32 x 1074 <10 188
NH; 151.1114 (30)
CioH160- g (). 329.1594 (20);
364.1963 13.24 glu-H,0- 2.01 1 p ?‘f‘l‘tzh_i(sl) 0035706 3 153.1270 (100) 13 x 102 <10 190,928
NH; ene-L,2-dio 135.1165 (100)
184.0968 11.59 CrHsO- 2.62 1 Benzyl-alcohol 1553114 109.0640 (80) 81.07 37 492 <10 77,000
Glcycine glycine (100)
158.1175 12.44 CsHi5sNO, 2.02 1 Unknown 0004827 3 41x107% 20,000 5000
130.0651 14.29 CoHyN 1.80 1 Unknown 0004827 0 103.05 (100); 84 x 107 94,000 50,000
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Table 4. Cont.

VIP Score

p-Value

Average Relative

Obs m/z Rt FORMULA Tentative HMDB Error MS2 Measured Intensity
[M + H] (min) TU vs. TS Identification (ppm) (%peak) BIA Before Aét(e:r
149.008 (30)
167.1067 15.12 CioH140, 1.75 Perillicacid 0000070 3 121.028 (20)93.07 3.4 x 102 5000 15,000
(80) 79.05 (100)
Dodecanedioyl- 231.1585 (50);
374.2526 12.53 C19H35NOg 1.72 L Y: 0013327 4 130.05 (40);85.02 1x10°% 44264 29,738
-carnitine 35)
164.0367 12,51 CsHoNO;S 158 Unknown 0001890 5 1227%39(%?0)" 2x 1072 60,000 30,000
) . 203.14 (30); 158.08
245.1595 1.04 CsH1sN4O, 155 Dimethylarginine 1,539 3 (100); 115.08 (70); 2 x 1073 5000 8000
+ [C2H,0] acetlylated
70.06 (50)
. 118.65 (100) 91.054
146.0600 14.29 CoHNO,- 1.36 Indolecarboxylic 5,-g5 1 (70) 65.039 (60) 24 %102 50,000 25,000
[0l acid 128.049 (30)

H,C

The main urinary biomarkers identified in rats after Golden Berry consumption. Observations include mass-to-
charge ratio (m/z), retention time (Rt), chemical formula, Variable Importance in Projection (VIP) Score, charge
state (Z), tentative identification, Human Metabolome Database (HMDB) reference, mass error in parts per million
(ppm), MS2 measured peak intensities, p-value for significance, and average relative intensity before (B) and after
(A) Golden Berry consumption. The table focuses on biomarkers related to metabolic health, highlighting Golden
Berry’s influence on metabolic pathways and providing insights into its potential health benefits.

3.6. Identification and Analysis of Key Urinary Metabolites in Rats following Golden
Berry Consumption

In the comprehensive metabolomic analysis focusing on the impact of Golden Berry
consumption in rats, several key urinary metabolites were identified, each revealing a facet
of the metabolic alterations induced by this dietary intervention. B-Cyclocitral Glucuronide,
a significant monoterpene hydrocarbon in Golden Berries, emerged as a notable metabolite
with its elevated presence in urine samples. This finding aligns with the high amounts of
-Cyclocitral reported in Golden Berries, underscoring its metabolic relevance, as shown
in Figure 2a.

CH; 7 CHy

OH
CH,

CHs H.C

(a) (b) (c)

Figure 2. Main urinary biomarkers in rats associated with Golden Berry fruit consumption.
UPLC/ESI-Q-Orbitrap metabolomic analysis of Golden Berry consumption in rats. This analy-
sis utilized a UPLC-ESI-Q-Orbitrap system for examining diluted urine samples to assess the impact
of Golden Berry (Cape Gooseberry) consumption. Chromatographic separation was achieved using a
pre-column (130 A 17 pum particle size, 2.1 mm x 5 mm, Waters, Rydalmere NSW, Australia) coupled
with UHPLC (Thermo Fisher Scientific, Waltham, MA, USA) and an ESI-Q/Orbitrap mass detector
(Thermo Fisher Scientific, Waltham, MA, USA). The high-resolution mass detector operated in a full
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scan mode from 100 to 1000 Da. Untargeted metabolomic analyses were conducted with a constant
collision energy of 6 eV. Data processing utilized Progenesis QI software (Waters Inc., Milford, MA,
USA). Multivariate data analysis was performed with SIMCA software Version 15.0.2 (Sartorius
Stedim Data Analytical, Goettingen, Germany). The key urinary metabolites identified in this study,
revealing various facets of the metabolic alterations induced by Golden Berries, include (3-Cyclocitral
Glucuronide (a), Limonene Glucuronide (b), Benzyl Alcohol (c), and Perillic Acid (d).

Pipecolic Acid (C¢H11NO,), which is particularly prominent in male rats on an obe-
sogenic diet, showed a marked decrease in urinary excretion following Golden Berry
consumption, highlighting the berry’s potential role in modulating amino acid metabolism
in high-fat diets. Limonene Glucuronide, tentatively identified in glucuronide form and
shown in Figure 2b, and Benzyl-Alcohol Glycine, a glycosidically bound volatile in Golden
Berries, were both notable for their distinct excretion patterns. These compounds under-
score the metabolic processing of Golden Berry constituents, as shown in Figure 2c.

The tentative identification of D-alpha-Cyclohexylglycine, though with low confidence,
adds to the diversity of metabolites influenced by Golden Berry intake. Quinoline and
Perillic Acid, a significant metabolite of limonene, further illustrate the broad spectrum of
metabolic changes, with Perillic Acid notably increasing in rats consuming Golden Berries.
Dodecanoyl-L-Carnitine, identified with characteristic acyl-carnitine fragments, points to
alterations in lipid metabolism, a finding supported by previous observations in human
studies, as shown in Figure 2d.

Lastly, Acetylated Dimethylarginine, with a slight increase post-consumption, adds to
the array of nitrogenous compounds affected by Golden Berry intake. Collectively, these
findings provide a multifaceted view of the metabolic impact of Golden Berry consumption,
revealing specific metabolites and their altered excretion patterns in rats. This intricate
metabolic portrait, although requiring further validation, paves the way for a deeper
understanding of the nutritional influence of Golden Berries. It is worth noting that these
identifications are tentative and may require further validation and confirmation.

3.7. Elucidating Metabolic Networks and Biological Pathways Influenced by Golden Berry
Consumption using Ingenuity Pathway Analysis

The results in Figure 3 show the integrative association between metabolomic study
in a biological context, this analysis, and the application of advanced analytical tools
like the Ingenuity Pathway Analysis (IPA) software, which was adeptly utilized to dis-
sect the intricate metabolic association network stemming from the effects of Golden
Berry consumption on cell death and survival and renal and urological disease networks
(p-value = 2.02 x 107°).
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Figure 3. Significant biological network: impact of Golden Berry consumption. Figure 3 illustrates the
significant biological network identified from the integrative association between metabolomic studies
in a biological context. Utilizing the advanced analytical capabilities of Ingenuity Pathway Analysis
(IPA) software, this analysis adeptly unraveled the complex metabolic association network arising
from the effects of Golden Berry consumption, particularly focusing on cell death and survival, and
the network of renal and urological diseases (p-value = 2.02 x 107°). In this network representation,
metabolites are depicted as nodes, with the biological relationship between two nodes indicated
by a line. The colored symbols represent metabolites that not only appeared in our data but also
correlate with pathways in the Ingenuity® database. In contrast, transparent entries are molecules
included in the Ingenuity knowledge base. Metabolites highlighted in red indicate increased levels,
whereas those in green show decreased levels. Solid lines between molecules signify direct physical
relationships, while dotted lines suggest indirect functional relationships.

4. Discussion

In this groundbreaking study, we have thoroughly explored the significant impact
of Golden Berry on in vivo models of Wistar rats, focusing on how this fruit alters the
response to standard and high-fat diets. Our findings reveal a notable resistance to rapid
weight gain and improvements in biochemical profiles when Golden Berry is incorporated
into an HFD, highlighting its potential as a natural agent for weight management and
metabolic control. Additionally, we have observed significant changes in the weight of key
organs such as the liver and pancreas, along with alterations in gene expression related to
glucose metabolism and fat synthesis. These results not only provide new insights into the
benefits of Golden Berry but also open promising avenues for future research on its role in
the prevention and management of metabolic disorders. In the following sections, we will
detail these findings and discuss their relevance in the broader context of metabolic health
and nutrition.

4.1. Golden Berry’s Role in Counteracting Obesity and Supporting Weight Management

An HFD is widely recognized as a contributor to obesity. However, when Golden Berry
was introduced alongside the HFD, it became evident that there was a notable resistance to
rapid weight gain. These results are particularly fascinating as they suggest that Golden
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Berry might hold promise for weight management, potentially providing valuable support
for individuals striving to maintain a healthy body weight [18,19].

4.2. Beneficial Biochemical Effects of Golden Berry in Diet: Improved Glucose and
Lipid Metabolism

Adding Golden Berry to the diet provides several health benefits, such as improved
blood glucose levels and reduced insulin resistance, resulting in lower glycemia lev-
els [20,21]. HFDs led to a significant increase in cholesterol levels, while standard diets (SD
and SD-GB) contributed to substantial reductions in cholesterol levels, indicating potential
heart-protective properties [22]. Golden Berry consumption in obese animals has beneficial
effects. Specifically, the findings related to triglyceride levels underscore the positive impact
on lipid metabolism [23,24]. Adding Golden Berry to a SD effectively controls weight gain,
even in individuals with a normal body weight, by preventing rapid weight gain and the
onset of chronic obesity [25,26]. Conversely, incorporating Golden Berry into the diet delays
weight gain and results in a lower BM], indicating its potential in mitigating obesity-related
issues [27].

4.3. Golden Berry’s Impact on Reducing Organ Weights and Preventing Metabolic Diseases

Observations from the standard diet cohort reveal that organ weights are at the
lower end of the spectrum, aligning with expectations for a diet lower in calories. The
incorporation of Golden Berry into a standard diet indicates a trend towards stabilizing or
slightly reducing average organ weights relative to the standard diet. This trend emphasizes
Golden Berry’s potential to subtly influence organ weight, validating its application within
a standard dietary framework. This benchmark establishes a crucial reference for evaluating
the nuanced impacts of Golden Berry supplementation. Adding Golden Berry into the
HEFD diet notably reduced liver weight. This contrasts with the HFD diet, which tends to
increase liver weight [28]. Excessive weight gain and high blood glucose levels can harm
the liver, potentially leading to liver fibrosis [29]. The HFD regimen is starkly contrasted
by its inclination to increase organ weights, notably affecting adipose tissues like VAT
and SAT. This correlation starkly delineates the high-fat diet’s role in promoting body
weight gain and fat accumulation. The weight gain induced by the HFD indicated a risk of
liver damage. However, introducing Golden Berry into the diet significantly reduced liver
weight [30]. This effect is attributed to the high levels of polyphenols, as well as vitamins A
(x-carotene, 3-carotene, and (3-cryptoxanthin) and vitamin C found in Golden Berry [31].

Interestingly, the HFD-GB led to a decrease in pancreas size and weight, even when
part of an HFD. Excessive weight gain in the pancreas, as observed in the HFD, may be
linked to potential insulin resistance [32]. When it comes to adipose tissues, the data
on anatomical parameters and biochemical levels strongly indicate that the HFD has a
considerable impact on these measurements. This impact is most evident in the liver,
pancreas, and the accumulation of VAT and SAT. However, the incorporation of Golden
Berry into a standard diet indicates a trend towards stabilizing or slightly reducing average
organ weights relative to the standard diet. This trend emphasizes Golden Berry’s potential
to subtly influence organ weight, validating its application within a standard dietary
framework, and the introduction of Golden Berry into the daily diet helps normalize these
measurements [23].

The biochemical parameters in Table 2 are linked to the organ weight results in Table 3.
It was previously mentioned that excessive weight gain might be associated with the
rapid expansion of WAT, including visceral and subcutaneous fat [33]. The inclusion of
Golden Berry in the diet led to a decrease in both organ and tissue weights and an overall
improvement in biochemical profiles. Adding Golden Berry into the diet offers a preventive
strategy for managing and avoiding metabolic diseases.

The integration of Golden Berry into a high-fat diet intriguingly appears to mitigate
the usual organ weight increases associated with a high-fat diet. This observation suggests
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Golden Berry’s efficacy in countering some of the detrimental effects of an HFD, particularly
in terms of fat accumulation.

4.4. Influence of Golden Berry on the Reactivity of White and Brown Adipose Tissue

Adipose tissues, both VAT and SAT in males and females, showed similar trends.
The HFD led to higher weights compared to the SD. However, the HFD-GB showed a
reduction in adipose tissue weight compared to the SD. A notable observation was made
in the context of VAT weights. A substantial increase in VAT was documented in the
HFD group. However, in the presence of Golden Berry supplements, this increase was
significantly mitigated, implying a protective effect of this dietary component against fat
accumulation typically associated with HFDs. Adipose tissues exhibit significant weight
fluctuations, highlighting their sensitivity to dietary changes and supplementation. This
responsiveness is key to understanding the metabolic outcomes of different dietary patterns
and interventions.

This study notably reveals the dynamics of BAT, with a marked decrease in BAT
weight in the HFD group, contrasted by an increase in groups receiving Golden Berry
supplementation. This observation points to Golden Berry’s potential in augmenting BAT
mass, a tissue renowned for its metabolic virtues. BAT is integral for thermogenesis and
functions as an endocrine organ that influences fat and carbohydrate metabolism, which
could enhance calorie burning.

This comprehensive analysis illuminates Golden Berry’s potential in regulating organ
weight and attenuating fat deposition, especially in the context of an HFD. These initial
findings lay a foundation for further exploration into Golden Berry’s characteristics and its
prospective applications in nutrition and health. This research opens up a promising path
for future inquiries into the therapeutic and nutritional potentials of Golden Berry.

4.5. Golden Berry'’s Influence on Gene Expression in Metabolic Regulation and Health

Golden Berry consumption impacts gene expression related to metabolic health, focus-
ing on genes involved in glucose metabolism, fat synthesis, and adipocyte differentiation.

4.5.1. INSR Gene Expression Modulation by Golden Berry

Under typical conditions, the INSR gene, integral to glucose metabolism and insulin
signaling, demonstrates diminished expression in response to HFDs. This decrease in
expression potentially impairs insulin signaling pathways, escalating the risk of developing
metabolic disorders, notably type 2 diabetes and metabolic syndrome [34]. Crucially, the
consumption of Golden Berry correlates with a noticeable upregulation of INSR expression.
This upregulation signifies enhanced insulin signaling, which could serve as a protective
mechanism against the onset and progression of these metabolic conditions [34]. The
association of Golden Berry intake with increased INSR activity highlights its potential
role in mitigating adverse metabolic effects induced by HFD patterns. This finding places
Golden Berry as a significant dietary component that may offer therapeutic benefits in the
context of metabolic health regulation.

4.5.2. FasN Expression and the Impact of Golden Berry

FasN, an enzyme pivotal for synthesizing long-chain fatty acids and storing surplus
glucose as fat within adipose tissues, typically exhibits heightened expression in response to
an HFD. This overexpression is closely linked to an increased risk of obesity and associated
metabolic disorders [35]. Intriguingly, the consumption of Golden Berry appears to play a
modulatory role in FasN expression. The intake of Golden Berry correlates with a reduction
in FasN expression, suggesting a meaningful impact on metabolic pathways. This reduction
points to a potential decrease in the synthesis and accumulation of fat. Such an effect of
Golden Berry consumption presents an important avenue in understanding its potential
in mitigating obesity and related metabolic complications, particularly those exacerbated
by HFDs.
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4.5.3. PPARY Expression and Its Role in Metabolic Regulation: The Impact of Golden
Berry Supplementation

PPARY, a nuclear receptor, plays an instrumental role in adipocyte differentiation,
lipid storage, and glucose metabolism. Its significant therapeutic potential, particularly in
the management of type 2 diabetes and metabolic syndrome, is noteworthy. PPARy’s in-
volvement in these metabolic processes positions it as a key target for therapeutic strategies.
In the context of dietary influence, specifically under the regime of a HFD supplemented
with Golden Berry (HFD-GB), there is a notable increase in the expression of PPARy. This
heightened expression is seen as beneficial, contributing to healthier fat storage patterns and
improved insulin sensitivity. Such an increase, prompted by Golden Berry intake, under-
scores the potential of dietary components in modulating key metabolic pathways [36,37].

The augmented expression of PPARy in the HFD-GB group highlights the significant
modulatory impact of Golden Berry on crucial metabolic functions. This finding is par-
ticularly promising in the context of metabolic conditions characterized by disrupted fat
and glucose handling. It showcases the potential of targeted dietary interventions, such as
Golden Berry supplementation, in the effective management and potential alleviation of
metabolic disorders.

4.5.4. Golden Berry’s Influence on LPL Gene Expression and Metabolic Health

Lipoprotein Lipase (LPL), a gene intimately connected to lipid metabolism, demon-
strates significantly elevated expression levels in animals subjected to an HFD. This height-
ened expression is symptomatic of metabolic imbalances, typically characterized by es-
calated blood glucose levels and a disrupted lipid profile. Such a profile is a common
precursor to various metabolic disorders. Intriguingly, the introduction of Golden Berry
into the diet manifests beneficial effects on both fat and glucose metabolism. This is evi-
denced by a marked reduction in LPL expression within adipose tissues. This modulation
suggests a potential improvement in insulin signaling pathways and the adipogenesis
process, both of which are critical components in maintaining metabolic equilibrium [38].
The consumption of Golden Berry, therefore, emerges as a promising dietary intervention.
Its capacity to attenuate LPL expression, and consequently its role in reshaping metabolic
profiles, positions it as a valuable nutritional tool. These findings, as indicated in this study,
illuminate the potential of Golden Berry in enhancing metabolic health, particularly by
mitigating the adverse effects associated with HFDs.

The modulation of key metabolic genes through Golden Berry consumption, including
INSR, PPARYy, FasN, and LPL, marks a significant impact on metabolic health. These
findings underscore Golden Berry’s potential as a strategic nutritional intervention to
counterbalance the adverse effects associated with an HFD. This insight positions Golden
Berry as a promising candidate for dietary approaches aimed at improving metabolic
profiles and combating diet-induced metabolic disorders.

4.6. Metabolomic Insights: Golden Berry’s Effect on Metabolic Biomarkers and Potential in
Diabetes Management

The results in Table 4, which show a metabolomic analysis of rat urine before and after
Golden Berry consumption, reveal several significant metabolites.

The discovery of Geranic Acid in Golden Berry, denoted by a specific fragment at m/z
169.11219, stands out as a notable aspect of the fruit’s metabolomic profile. As a primary
compound within Golden Berry, the unique ion pattern of Geranic Acid underscores its
significance in the berry’s metabolic processes. This finding enhances our understand-
ing of the metabolomic intricacies of Golden Berry. Additionally, the identification of
p-menth-4(8)-ene-1,2-diol in Golden Berry’s volatile fraction, characterized by fragments
at m/z 329.158 and m/z 153.127, further emphasizes the complexity and richness of its
metabolomic composition. These specific compounds contribute to the distinctive charac-
teristics of Golden Berry, revealing a multifaceted metabolic profile that warrants further
exploration [39]. This qualitative assessment not only highlights the diverse nature of
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Golden Berry’s metabolites but also suggests a broader implication of these compounds in
the fruit’s potential health benefits. The presence of such unique components like Geranic
Acid and p-menth-4(8)-ene-1,2-diol illustrates the intricate biochemistry of Golden Berry,
contributing to its growing recognition in nutritional and health-related research.

A key discovery in the nutritional analysis of Golden Berry is the high concentration
of glycine, an amino acid identified by a specific fragment at 109.0680. Glycine stands out
for its abundant presence in Golden Berry, distinguishing this fruit as a significant source of
this crucial nutrient. Glycine plays an essential role in glycine conjugation, a vital metabolic
process. This process is instrumental in the excretion of aromatic acids, compounds that are
crucial in various bodily functions. Glycine’s involvement in this mechanism underlines
its importance in maintaining metabolic health and facilitating detoxification processes in
the body [40]. This insight into Golden Berry’s glycine content adds to the understanding
of its nutritional value, emphasizing the fruit’s potential benefits in supporting metabolic
functions and overall health. This finding underscores the importance of considering the
comprehensive nutritional profile of foods in dietary planning and health management.

Perillic Acid (C10H140;), identified by an ion at m/z 167.1067, emerges as a significant
metabolite associated with the consumption of Golden Berry. As a primary circulating
metabolite derived from limonene, which is abundantly present in the aroma of Golden
Berry, the notable increase in its excretion in rat urine underscores the fruit’s substantial
impact on limonene metabolism. This observation, as illustrated in Figure 2, not only
accentuates the metabolic processing of limonene in the body but also highlights the unique
biochemical footprint of Golden Berry consumption. The presence and increased excretion
of Perillic Acid signify the metabolic transformation of limonene, pointing towards an
enhanced biotransformation process influenced by the ingestion of Golden Berry. This
finding enriches our understanding of the metabolic pathways activated by the fruit and
underscores its potential role in modulating specific metabolite profiles within the body.

4.6.1. Evaluation of Metabolic Impact through Acylcarnitines Post-Golden
Berry Consumption

The metabolic influence of Golden Berry consumption extends to lipid metabolism, as
evidenced by the increase in acylcarnitines both in rat and human urine. This is highlighted
by the identification of Dodecanoyl-L-carnitine through an ion at m/z 374.35 [M + H], which
exhibited characteristic acyl-carnitine fragments. The observed elevation in acylcarnitines
following Golden Berry intake suggests a significant modulation of lipid metabolism [8,41].
This particular increase in acylcarnitines, such as Dodecanoyl-L-carnitine, not only indi-
cates an enhanced lipid metabolism but also hints at a broader metabolic reconfiguration.
Acylcarnitines, known for their role in transporting fatty acids into mitochondria for beta-
oxidation, are crucial markers in understanding the metabolic shifts induced by dietary
changes. The fact that these changes are consistent across both rat and human models
further underscores the potential of Golden Berry as a significant dietary component influ-
encing lipid metabolism. In light of these findings, Golden Berry emerges as a dietary factor
with the potential to influence lipid metabolism pathways significantly. This observation
opens up new perspectives on the metabolic impacts of Golden Berry consumption, sug-
gesting a role beyond basic nutrition and pointing towards its potential utility in managing
metabolic health.

4.6.2. Acetylated Dimethylarginine and Golden Berry’s Metabolic Impact

The provisional identification of Acetylated Dimethylarginine, marked by an ion at
245.15 m/z [M + H], and the observed subtle elevation in its excretion after consuming
Golden Berry introduce an additional facet to our comprehension of the berry’s metabolic
effects. This nuanced observation suggests that Golden Berry intake might influence
the body’s arginine metabolism, potentially impacting nitric oxide synthesis pathways.
Acetylated Dimethylarginine, a known inhibitor of nitric oxide synthase, plays a critical
role in regulating vascular function and endothelial health. The slight increase in its
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excretion could imply a modulatory effect of Golden Berry on this important metabolic
pathway, shedding light on its broader implications for cardiovascular health and metabolic
processes. This finding, while preliminary, underscores the complexity of Golden Berry’s
influence on metabolic health and warrants further investigation to fully elucidate its
impact on arginine metabolism and related physiological functions.

4.6.3. Golden Berry’s Influence on Metabolic Pathways Linked to Diabetes

The observed reduction in 2-Indolecarboxylic Acid, as indicated by the ion at m/z
146.06, posits an intriguing aspect of Golden Berry’s impact on metabolic processes. This
particular change points towards Golden Berry’s potential role in modulating metabolic
pathways that are closely associated with diabetes. The presence of 2-Indolecarboxylic
Acid is a notable marker in metabolic studies, especially in the context of glucose regulation
and insulin sensitivity. The specific reduction of this compound, as evidenced by the ion
at m/z 146.06, could be indicative of biochemical shifts brought about by Golden Berry
consumption. This reduction aligns with the potential regulatory effects of Golden Berry
on pathways implicated in diabetes pathogenesis. It suggests a modulation of metabolic
processes that could have implications for managing blood sugar levels and improving
insulin response.

The data point to Golden Berry’s capacity to influence key metabolic pathways, rein-
forcing its potential as a dietary component beneficial for metabolic health, particularly in
the context of diabetes prevention and management. The qualitative evidence of Golden
Berry’s influence on 2-Indolecarboxylic Acid levels provides a foundation for further ex-
ploratory studies. These findings could pave the way for more in-depth research into
how Golden Berry consumption might contribute to the modulation of diabetes-related
metabolic pathways.

Overall, these findings collectively provide significant insights into the metabolic
changes induced by Golden Berry consumption. The array of identified metabolites,
ranging from amino acids to volatile compounds, underscores the fruit’s potential in
influencing metabolic processes, particularly those relevant to diabetes management. This
integrated metabolomic profile offers a valuable perspective on the biochemical pathways
affected by Golden Berry, paving the way for further exploration of its therapeutic potential.

4.7. Golden Berry’s Multifaceted Impact on Metabolic Health and the Potential for Personalized
Nutritional Therapy

The integration of metabolomic data into a biological context, as illustrated in Figure 3,
employs advanced analytical methods. This analysis uncovers the metabolic associations re-
sulting from Golden Berry consumption and reveals profound insights into the connections
among specific discriminatory metabolites.

Golden Berry consumption activates pathways related to endothelial function and car-
diovascular health. This encompasses molecules associated with oxidative stress response,
inflammation, apoptosis, and endothelial function, suggesting potential cardiovascular
health benefits [42].

The antioxidants in Golden Berry, along with compounds like NAC, may amelio-
rate inflammation and oxidative stress, thereby enhancing insulin sensitivity. This effect
could safeguard insulin-producing cells and promote effective glucose regulation, offering
therapeutic potential for conditions like type 2 diabetes mellitus [43,44].

Golden Berry may bolster the body’s defense against oxidative stress by elevating
NAC levels, contributing to the neutralization of reactive oxygen species [45].

While increased ADMA levels might initially seem detrimental due to their inhibitory
effect on nitric oxide production, in contexts like type 2 diabetes where oxidative stress
is high, this increase might be protective. Golden Berry’s antioxidant properties could
help counterbalance these effects, potentially protecting against cardiovascular complica-
tions [46].
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Regulators such as AMPK and mTOR signaling pathways may orchestrate a compre-
hensive metabolic response to Golden Berry consumption. This response entails enhanced
antioxidant defenses, inflammation modulation, and complex effects on cell survival and
apoptosis [42,47].

Golden Berry’s consumption results in complex metabolic effects with implications
for cardiovascular health, insulin sensitivity, and antioxidant defense. This positions it as
a significant subject for nutrition and potential therapeutic applications. Moreover, this
integrated analysis presents opportunities for personalized nutritional strategies tailored
to an individual’s genetic makeup [48].

The dietary recommendation suggests that a 60 kg individual should consume 85
g of Golden Berry daily as part of a balanced nutrition regimen. In contrast, findings
from animal studies indicate that to achieve the same metabolic outcomes observed in the
pathological rat model of obesity, the same individual would need to ingest a substantial
4.8 kg of fresh Golden Berry. Such a significant discrepancy points to the raw fruit’s
comparatively lower concentration of the active ingredients found in its pharmaceutical
counterpart. This difference further accentuates the prospective advantages of formulating
pharmaceutical-grade concentrates or supplements derived from Golden Berry. Future
studies building on this foundation can further demystify the therapeutic potentials and
health benefits of this important fruit.

4.8. Expanding the Horizon: New Insights into Golden Berry’s Role in Metabolic Regulation

While existing research has laid the groundwork for understanding Golden Berry’s
impact on metabolism, our study makes considerable advances in expanding this knowl-
edge. We distinguish our research in several key areas, offering novel insights into the
multifaceted role of Golden Berry in metabolic regulation. Our study delves into the intri-
cate mechanisms through which Golden Berry exerts its metabolic benefits. By identifying
specific enzymes and pathways influenced by Golden Berry consumption, we provide a
more detailed and comprehensive understanding of its role in metabolic processes. This in-
depth mechanistic exploration helps to clarify the precise biochemical interactions involved,
shedding light on the therapeutic potential of Golden Berry

Venturing beyond established impacts, we investigated Golden Berry’s effects on
additional metabolic disorders or parameters not previously studied. Our findings reveal
that Golden Berry extends its positive influence to newly studied aspects of metabolic health.
This expansion of its known benefits underscores the fruit’s versatility and broadens the
scope of its potential applications in treating and managing diverse metabolic conditions.

Distinguishing our research from prior studies, we conducted a comparative analysis
between Golden Berry and other treatments or interventions used in metabolic disorder
management. This comparative approach provides invaluable insights into how Golden
Berry stacks up against other options, highlighting its efficacy and potential advantages in
a therapeutic context.

An essential component of our study is the examination of the long-term effects
and safety profile of Golden Berry consumption, particularly in the context of metabolic
disorders. This aspect of our research addresses a gap in existing studies, offering a vital
perspective on the sustainability and safety of Golden Berry as a long-term dietary inclusion
for individuals with metabolic concerns.

5. Conclusions

Golden Berry’s emergence as a potent agent in reversing obesity and insulin resistance
pathologies in animal models marks a significant breakthrough in metabolic health re-
search. This comprehensive study underscores its profound influence on critical metabolic
parameters, including the regulation of glucose, cholesterol, triglycerides, and both LDL
and HDL levels.

Beyond its nutritional value, Golden Berry demonstrates a remarkable ability to
modulate gene expression and influence urinary excretion patterns of essential metabolites.
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This study offers pioneering insights into the complex mechanisms governing insulin
signaling, lipid metabolism enzymes, lipid mobilization, and the adipogenesis process. The
wide-ranging impact of Golden Berry on these metabolic pathways highlights its potential
as a key player in addressing chronic health conditions, especially metabolic syndrome.

Golden Berry supplementation’s effect on reducing organ weights and its influence
on the reactivity of both white and brown adipose tissue in Wistar rats further suggests its
role in obesity management and weight control.

Our findings confirm the significant impact of Golden Berry on crucial metabolic
regulatory genes like INSR, FasN, PPARy, and LPL. This indicates its ability to modulate
key biological pathways, enhancing its therapeutic potential.

By identifying significant urinary metabolites and elucidating metabolic networks
affected by Golden Berry consumption, our study contributes valuable insights into its
potential role in diabetes management. The evaluation of metabolic impact through acyl-
carnitines and other biomarkers post-Golden Berry consumption further underscores its
effect on pathways linked to diabetes.

This research not only significantly enriches our current knowledge but also opens
new horizons for personalized nutrition and therapeutic strategies, representing a trail-
blazing advancement in nutrigenomics and metabolomics and integrating anatomical
measurements, biochemical parameters, and the effects of dietary variations. By unraveling
the multifaceted effects of superfoods like Golden Berry, we move towards a future where
nutrition transcends conventional guidelines, evolving into a personalized science that
caters to individual metabolic needs and responses. The comprehensive impact of Golden
Berry on metabolic health underscores its potential role in personalized nutritional therapy,
offering effective, targeted approaches to health and wellness.
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Abstract: Maternal obesity and gestational diabetes predispose the next generation to metabolic
disturbances. Moreover, the lactation phase also stands as a critical phase for metabolic programming.
Nevertheless, the precise mechanisms originating these changes remain unclear. Here, we investigate
the consequences of a maternal lipid-rich diet during gestation and lactation and its impact on
metabolism and behavior in the offspring. Two experimental groups of Wistar female rats were used:
a control group (NC) that was fed a standard diet during the gestation and lactation periods and
an overnutrition group that was fed a high-fat diet (HF, 60% lipid-rich) during the same phases.
The offspring were analyzed at postnatal days 21 and 28 and at 2 months old (PD21, PD28, and
PD60) for their metabolic profiles (weight, fasting glycemia insulin sensitivity, and glucose tolerance)
and euthanized for brain collection to evaluate metabolism and inflammation in the hypothalamus,
hippocampus, and prefrontal cortex using Western blot markers of synaptic dynamics. At 2 months
old, behavioral tests for anxiety, stress, cognition, and food habits were conducted. We observed that
the female offspring born from HF mothers exhibited increased weight gain and decreased glucose
tolerance that attenuated with age. In the offspring males, weight gain increased at P21 and worsened
with age, while glucose tolerance remained unchanged. The offspring of the HF mothers exhibited
elevated levels of anxiety and stress during behavioral tests, displaying decreased predisposition
for curiosity compared to the NC group. In addition, the offspring from mothers with HF showed
increased food consumption and a lower tendency towards food-related aggression. We conclude
that exposure to an HF diet during pregnancy and lactation induces dysmetabolism in the offspring
and is accompanied by heightened stress and anxiety. There was sexual dimorphism in the metabolic
traits but not behavioral phenotypes.

Keywords: overnutrition; offspring; dysmetabolism; metabolic diseases; stress; anxiety

1. Introduction

Metabolic syndrome (MS) is a serious public health problem affecting about 25% of the
general population worldwide [1]. The definition of this syndrome has recently evolved to
include a group of at least three of the five cardio-metabolic abnormalities, including high
blood pressure, central obesity, insulin resistance (IR), elevated blood triglycerides, and
atherogenic dyslipidemia, which, together, lead to an increased risk of cardio-metabolic
pathologies [1]. The presence of MS-related disorders also has an impact on the central
nervous system, causing neurological and neurodegenerative diseases [2]. The intricate
relationship between dysmetabolism and neurodegeneration has been described to be
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relevant not only to aging-associated comorbidities but also in mild cognitive impairment
in younger ages and during the initial steps of an organism’s development. In fact, it
is known that the nutritional status of the mother can prematurely influence the onset
of diseases in the offspring, and there is significant research focused on understanding
its impact on the metabolic status and nervous system of the offspring [3]. Studies in
animals have shown that maternal obesity can increase the likelihood of metabolic and
neurodevelopmental diseases in the offspring, such as cognitive impairment, autism spec-
trum disorders, and attention deficit hyperactivity disorder [2-4]. Moreover, maternal
obesity and dysmetabolism are linked to a heightened risk of psychiatric disorders in the
offspring, encompassing conditions such as anxiety, depression, schizophrenia, psychosis,
eating disorders, and food addiction [5]. Several mechanisms have been postulated to
underlie these neurodevelopment and psychiatric conditions, including oxidative stress
and inflammation-induced malprogramming; the deregulation of insulin, glucose, and
leptin signaling; the dysregulation of synaptic transmission; or even the deregulation of
the gut-brain axis [6,7]. Nevertheless, the precise ones are not completely understood.

Recent evidence indicates that many components of a mother’s diet are pivotal in shap-
ing aspects of the offspring’s health, including the microbiome and the neonatal immune
system [8]. Research suggests that the maternal diet can influence the development of the
offspring’s brain, endocrine system, and long-term behavior [9]. Therefore, maintaining a
balanced and nutritious diet during pregnancy is crucial to meet the increased demands
on the mother’s body, as adequate nutrient intake is essential to support the offspring’s
growth and ensure a healthy birth weight.

During the perinatal period, maternal obesity can elevate the risk of gestational diabetes
and hypertension, potentially affecting placental function and fetal energy metabolism [10].
Obesity during pregnancy is also associated with complex alterations in the neuroendocrine,
metabolic, and inflammatory processes, which can potentially influence fetal hormonal
exposure and nutrient supply [11-13].

Throughout pregnancy, the mother’s body undergoes significant metabolic changes,
which, if left untreated, can contribute to certain health disparities. In early pregnancy,
there is an increase in maternal insulin secretion to facilitate the transportation of glucose
and amino acids to the developing fetus [12,13]. However, this increased insulin secretion,
combined with high levels of circulating lipids and the consequent increase in visceral
adiposity, often results in the development of insulin resistance in maternal cells [10-13].
When lactation begins, a metabolic shift occurs, redirecting resources from storage milk
synthesis, with this process being intricately regulated by lactogenic hormones such as in-
sulin, prolactin, and glucocorticoids, as well as by cytokines, growth factors, and substrate
availability [14]. The alterations promoted by lactation causes several positive changes
in the metabolic processes. This leads to better glucose regulation, reducing insulin pro-
duction, improving insulin sensitivity, and decreasing (3-cell proliferation. In addition,
lipid metabolism becomes less active in certain tissues, and stored lipids are mobilized to
facilitate the transport of lipids to the mammary gland for milk production [11,13,14]. As
a result of these metabolic changes during lactation, there is a reduction in postpartum
adiposity, potentially decreasing the risk of obesity. Based on this evidence, Stuebe and
Rich-Edwards proposed the “reset hypothesis”, which suggests that lactation plays a crucial
role in resetting the metabolic processes that take place during labor [15].

However, when maternal overnutrition continues, the offspring’s metabolism as well
as neurological development may be impacted. Determining the mechanisms behind
the expected impact of hypercaloric diet-fed mothers on the offspring’s metabolism and
neurological development is the main goal of this study. Additionally, since it is well known
that sex influences both metabolic [16] and neurodegenerative disorders [17], development,
and progression, we will also focus our attention on the differences of the impact of maternal
overnutrition on male vs. female offspring metabolism and stress and anxiety behaviors.
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2. Materials and Methods
2.1. Animals

Experiments were performed on 12-week-old female and 24-week-old male Wistar rats
(200400 g), obtained from Charles River Laboratories (Barcelona, Spain) and maintained
at the NOVA Medical School animal facility. Animals were kept under temperature and
humidity control (21 £ 1 °C; 55 £ 10% humidity) and a regular light (08.00-20.00 h) and
dark (20.00-08.00 h) cycle, with food and water provided ad libitum. After randomization,
animals were divided into a normal chow diet group (NC) or a high-fat (HF) diet group. The
NC group was fed a standard diet (7.4% fat + 75% carbohydrates (4% sugar) + 17% protein,
SDS diets RM1, Probiologica, (Lisboa, Portugal), and the HF diet group was fed a 60% lipid-
rich diet (61.6% fat + 20.3% carbohydrate + 19.1% protein, TestDiet, St. Louis, MO, USA).
After confirming that the females were pregnant, they stayed in cages, with 1 animal per
cage. During the breastfeeding period, the pup’s body weight was weekly motorized.
On the weaning day—21 days postnatal (PD21)—both male and female offspring were
separated from the mothers and kept in cages, with 4 animals per cage. They were
randomly divided, and part of them were sacrificed at PD21 and 28 days postnatal (PD28),
and the other group was kept alive until 45 days postnatal, where metabolic and behavioral
parameters were assessed. Metabolic evaluations were performed in the mothers by using
the insulin tolerance test (ITT) and oral glucose tolerance test (OGTT) (Figure 1).
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Figure 1. Schematic illustration of the protocol of the study. CTL—control; HF—High-fat diet;
PND—post-natal day. ?—female; G—male.

Pups were also tested for insulin sensitivity through the ITT and for glucose tolerance
through the OGTT. Behavior was assessed by open field, Y maze, elevated plus maze
(EPM), light dark box, sucrose competition, food competition, and novel object recognition
(NOR) tests. At the time of sacrifice, PD21, PD28, and PD60, the animals were anesthetized
and sacrificed with pentobarbital (60 mg/kg i.p.), and the brains were dissected and frozen
at —80 °C for further protein analysis.

All experiments and animal care were performed in accordance with the European
Union Directive for Protection of Vertebrates Used for Experimental and Other Scientific
Ends (2010/63/EU) and with the ARRIVE guidelines. Experimental protocols were ap-
proved in 2021 by the Ethics Committee of NOVA Medical School/Faculdade de Ciéncias
Meédicas (no. 94/2021/CEFCM) and by the Portuguese Authority for Animal Health
(DGAYV, Ref no. 0421/000/000/2021).
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2.2. Metabolic Evaluation
2.2.1. Intravenous Insulin Tolerance Test (ITT)

Insulin sensitivity was assessed in conscious mothers using the intravenous ITT, which
provides an estimate of overall insulin sensitivity [18]. In brief, following an overnight fast,
an insulin bolus (0.1 U/Kg, Humulin Regular, Lilly, Alcobendas, Spain) was administered
in the tail vein, and the subsequent 15 min decline in blood sugar levels was measured.
Blood samples were collected by tail tipping, and glycemia was assessed using a glucometer
(Precision Xtra Meter, Abbott Diabetes Care, Amadora, Portugal) and test strips (Abbott
Diabetes Care, Amadora, Portugal). The constant rate of decline in plasma glucose (Kirt)
was calculated as previously outlined [19].

2.2.2. Intraperitoneal Insulin Tolerance Test (ipITT)

In the offspring, insulin sensitivity was assessed using the intraperitoneal ITT. Pups
were fasted for approximately 6 h with free access to water. Basal blood glucose was
measured, and 0.1 U/Kg of insulin (Humulin Regular, Lilly, Alcobendas, Spain) was
administered intraperitoneally. Glucose was measured from blood collected from the tip
of the tail vein at 5, 10, 15, 30, 45, 60, and 120 min after the injection with a glucometer
(Precision Xtra Meter, Abbott Diabetes Care, Amadora, Portugal) and test strips (Abbott
Diabetes Care, Amadora, Portugal). Glucose excursion curves from the ITT were used to
calculate the area under the curve and therefore to evaluate insulin sensitivity.

2.2.3. Oral Glucose Tolerance Test (OGTT)

Glucose tolerance was assessed through the OGTT. Both mothers and pups that were
fasted overnight for approximately 12-15 h were administered with a glucose solution
(2 g/kg in a 10 uL/g body weight volume) by gavage after the measurement of basal
glycemia. Glucose levels were measured at 0 and 15, 30, 60, and 120 min after the oral
gavage by tail tipping using a glucometer (Precision Xtra Meter, Abbott Diabetes Care,
Amadora, Portugal) and test strips (Abbott Diabetes Care, Amadora, Portugal). The glucose
excursion curves were used to calculate the area under the curve.

2.3. Behavioral Assessment
2.3.1. Open Field (OF)

The OF test is used to assess gross motor activity, anxiety, and willingness to explore [20].
In this test, animals were placed for 5 min in a square arena (70 cm x 70 cm X 75 cm). Their
behaviors were recorded at 30 frames per second and analyzed using Bonsai software
(version 7.0). For that, an inner and central zone in the maze was defined (40 cm x 40 cm),
and the following were measured: the total distance covered, distance covered in the
inner zone, total immobility time, immobility time in the inner zone, average velocity, and
average velocity in the inner zone. It was considered that the animal was in the inner zone
when more than half of its body was in the 40 cm area. Immobility was considered when
the animal was stationary. Data presented are results from a single trial for each rat.

2.3.2. Y Maze

To assess short-term spatial memory, animals were challenged to a Y-shaped maze
with 120° between each arm with a 10 cm width and 30 cm height. First, animals were
submitted to a training session in which a rat was placed in the start point (A arm) of the
Y maze with a closed arm and allowed to freely explore it for 5 min. The experimental
session occurred 1 h after training where the “novel” arm was open. The animal freely
explored the maze for 5 min. The exploratory capacity of the animal was evaluated as well
as the time spent both in the novel arm and in the arm that was always open. The first
arm choice when both arms were open was evaluated, as well as the number of triads (i.e.,
ABC, CAB, or BCA) and entries. The spontaneous alternative behavior score (%) for each
rat was calculated as the ratio of the number of alternations to the possible number (total
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number of arm entries minus two) multiplied by 100. Videos were recorded as explained
in Section 2.4.1.

2.3.3. Elevated Plus Maze (EPM)

EPM test is used to characterize anxiety-related behavior. The apparatus is composed
of a small central platform with four arms angled 90° from each other radiating outwards,
and it is raised above the ground to a height of 112 cm; it is 50 cm in length and 12 cm in
width. Alternating arms are enclosed by high opaque walls of 41.5 cm in height with open
tops. Animals were placed in the center of the maze and allowed to freely explore for 5 min
for a single trial and recorded using an overhead camera. The time spent on open arms
and the number of entries were measured. Data presented are results from a single trial for
each rat. Videos were recorded and analyzed as described in Section 2.3.1.

2.3.4. Light Dark Box (LDB)

The LDB test is used to evaluate anxiety responses in rodents. The apparatus is
composed of two compartments. The large light compartment (2/3 of the box) is brightly
lit and open, while the small dark compartment (1/3 of the box) is covered and dark. These
two compartments are connected by a door of 10 cm. Rats were placed in the corner of
the brightly illuminated chamber and were allowed to freely explore the maze for 5 min.
Parameters such as the time spent in the light/dark compartment and the number of
transitions were evaluated. Data presented are results from a single trial for each rat.
Videos were recorded and analyzed as described in Section 2.3.1.

2.3.5. Novel Object Recognition (NOR)

NOR test is commonly used in rodents to evaluate cognition, particularly recognition
memory. This test was performed in the same maze as the OF test, with two different
objects. The objects were different in shape and appearance. This test is composed of a
train where the animals are allowed to explore the maze with two identical objects placed
at an equal distance. One hour later, rats are allowed to explore the arena in the presence
of the familiar object and a novel object to test long-term recognition memory. The time
spent exploring each object and the ratio between the novel/novel+ familiar (interaction
time) were analyzed. Data presented are results from a single trial for each rat. Videos were
recorded and analyzed as described in Section 2.3.1.

2.3.6. Block Test

Block test is used to assess olfactory function. This test evaluates sensitivity to social
smells, which is an ability in rats [21]. Housed animals were exposed to five wood blocks
(7cm x 2 cm x 2 cm) (Ultragene, Santa Comba Dao, Portugal) placed inside each cage for
1 week. Each rat underwent two training sessions. In the trial test, one block was replaced
by a block that was originally in a cage with a different set of animals. Rat was videotaped
for 1 min. Videos were recorded and analyzed as described in Section 2.3.1. Parameters
such as the time that animals take to recognize the novel block and the time spent to sniff
the novel block were evaluated. The animal was only considered to be sniffing the block
when its nose was touching/very close to the block. Data presented are results from a
single trial for each rat.

2.3.7. Food Competition

Food competition is a test that not only measures the antagonistic and dominance
behaviors of offspring but also assesses voracity and food preferences. The animals were
fasted for 24 h. Following the fasting period, the animals were randomly paired with a
same-sex partner and placed in the maze (44 cm wide, 49 cm long, and 20 cm high box).
Inside this maze, on one of its sides, there was an integrated dispenser with a retractable
door, where the food was stored. The pair was placed inside the maze, and for 2 min, the
door was kept closed. After 2 min, the dispenser’s door was opened to allow the rats access
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to the food. During the following 8 min, observations were made regarding the amount
of food consumed, the occurrence of antagonistic behaviors, their duration, as well as the
frequency of grooming behaviors exhibited by the rats. Data presented are results from a
single trial for each pair.

2.3.8. Water/Sucrose Competition

Similarly, to the food competition, the water/sucrose competition measures antagonis-
tic and dominance behaviors in offspring, as well as their liquid consumption preferences.

The animals were subjected to a 24 h liquid deprivation. During this period, only food
was available ad libitum. After the fasting period, the animals were randomly paired as
described in Section 2.3.7. Inside this maze, on one of its faces, there was a dispenser set at
a 45° angle capable of holding a water bottle. This dispenser featured a removable door,
controlling the rats” access to the liquid. The dispenser closed for 2 min. After that, for
8 min, the bottles became available, and the rats had access to it. Observations were made
regarding the liquid intake, the occurrence of antagonistic behaviors, their duration, as well
as the frequency of grooming behaviors exhibited by the rats.

The antagonistic behaviors included stealing pellets from another individual’s mouth
or paws (food competition), pushing the other’s head while drinking from the water bottle
(water/sucrose competition), and aggression, such as biting, moving the other individual
away, or just fighting.

The data presented are results from a single trial for each pair. After the water trial,
the same pair was exposed to the sucrose trial with the same characteristics, but the sucrose
level was 1 g/L.

2.4. Ex Vivo Analysis

After 21, 28, and 60 days, animals were sacrificed, and certain brain areas—frontal cor-
tex, hypothalamus, and hippocampus—were dissected and harvested for protein analysis.

2.4.1. Tissue Lysate Preparation and Western Blot Analysis

For Western blot analysis, brain samples (20 mg) were homogenized in RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 0.25% sodium deoxycholate)
and sonicated 3 times in cycle of 30 s. Protein extracts were centrifuged for 10 min at
13,000 rpm at 4 °C, and the supernatant was collected.

Proteins (8 pug) were separated by electrophoresis in 10% sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by transference to a nitrocellu-
lose membrane (BioRad, Dusseldorf, Germany). After transference, the membrane was
incubated with blocking solution composed of milk or bovine serum albumin (BSA) at
room temperature for 1 h. Primary antibody incubations were carried out overnight at
4 °C using the following concentrations: phosphorylated insulin receptor (anti-IR-p, rabbit
1:500, abcam, Cambridge, UK); total insulin receptor (anti-IR T, mouse 1:1000, Santa Cruz
Biotechnology, Heidelberg, Germany); phosphorylated mitogen-activated protein kinase
(AMPK) (anti-pAMPK 1:500 rabbit, Cell Signaling, Beverly, MA, USA) and total AMPK
(anti-AMPK rabbit 1:1000, Cell Signaling, Beverly, MA, USA); synaptosome-associated
protein (SNAP25) (anti-SNAP25 1:500, Santa Cruz Biotechnology, Heidelberg, Germany);
postsynaptic density protein (PSD95) (anti-PSD95 1:1000, Invitrogen, Waltham, MA, USA);
vesicular glutamate transporter 1 (vGLuT) (anti-vGLuT 1:1000, MilliporeSigma, Burlington,
MA, USA); glial fibrillary acidic protein (GFAP) (anti-GFAP 1:2000, Palex, Oeiras, Por-
tugal); and tumor necrosis factor alpha (TNF-«x) (anti-TNF-« 1:200, Sicgen, Cantanhede,
Portugal). Secondary antibody was incubated at room temperature for 1.5 h. Detec-
tion procedures were carried out according to ECL system (GE Healthcare Life Sciences;
Little Chalfont, UK), and the signal was detected using a ChemiDocTM Imaging System
(Bio-Rad, Hercules, CA, USA). Membranes were re-probed for the (-actin (anti-B-actin
1:2000, Sicgen, Cantanhede, Portugal).
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2.5. Data Analysis

Data were analyzed using GraphPad Prism Software, version 8.0.2 (GraphPad Soft-
ware Inc., San Diego, CA, USA), and presented as mean values with the standard error of
the mean (SEM). The significance of the differences between the groups was calculated
using Student’s t test and one- and two-way ANOVA with Dunnett’s and Bonferroni and
Sidak’s multiple comparison tests. Differences were considered significant at p < 0.05.
Experimental groups constituted 8-10 animals.

3. Results
3.1. Effect of Overnutrition during Pregnancy and Lactation on Metabolic Parameters in
the Mothers

Mothers that were overnourished for 6 weeks under an HF diet were evaluated for
body weight and glucose metabolism, assessed using basal glycemia and OGTT; insulin
sensitivity, evaluated using the ipITT; and body composition, assessed using the liver and
AT depots” weight measurements.

As expected, feeding an HF diet to the mothers for 6 weeks promoted an increase in basal
glycemia (basal glycemia: NC mothers = 69.14 + 1.792; HF mothers = 78.88 &+ 3.573, mg/dL,
p < 0.05) and a drastic decrease in insulin sensitivity (kypt: NC mothers = 4.864 + 0.3957; HF
mothers = 1.849 £ 0.3188, % glucose/min, p < 0.0001) without significantly affecting glucose
tolerance (Table 1). Moreover, the HF diet did not alter the body weights or liver and AT
depots’ weights in the mothers, which can be attributed to the pregnancy and offspring
delivery during that period (Table 1).

Table 1. Impact of high-fat diet on metabolic parameters in mothers.

NC Mothers HF Mothers
Body Weight (g) 243.2 +5.122 236.8 + 2.577
Basal Glycaemia (mg/dL) 69.14 £ 1.792 78.88 £ 3.573 *
kitt (% glucose/min) 4.864 + 0.3957 1.849 £ 0.3188 ****
AUC Glycaemia (mg/dL-min) 18,138 £ 417.4 19,612 £ 594.9
Liver (g/kg) 0.0280 + 0.001 0.0289 + 0.001
Visceral Adipose Tissue (g/kg) 0.0057 + 0.002 0.0066 + 0.002
Perinephric Adipose Tissue (g/kg) 0.0153 £ 0.002 0.0171 £ 0.004
Genital Adipose Tissue (g/kg) 0.0232 £ 0.002 0.0254 + 0.002
Brown Adipose Tissue (g/kg) 0.0007 £ 0.000 0.0016 4 0.000

Data represent mean + SEM of 5 NC mothers and 5 HF mothers. * p < 0.05, *** p < 0.0001. Student’s t test was
used to compare values in animals submitted to normal chow (NC) and animals submitted to high-fat diet (HF).
Kirr—constant of the insulin tolerance test; AUC—area under the curve of the glucose excursion curves obtained
from the oral glucose tolerance test.

3.2. Effect of Overnutrition during Pregnancy and Lactation on Metabolic Function in
the Offspring
3.2.1. Insulin Action and Glucose Homeostasis

Female and male offspring born from overnourished mothers during pregnancy and
lactation periods were evaluated for body weight, basal glycemia, insulin sensitivity, and
glucose tolerance (Figure 2).

HF feeding to mothers promoted a significant increase in the body weights of both
the female and male descendants during all the postnatal periods analyzed (Figure 2A).
The body weights of the female offspring from the HF mothers increased by 65.1%, 33.3%,
and 9.6% at PD 21, 28, and 60, respectively (Figure 2A, left panel). The male offspring born
from the overnourished mothers showed significant body weight increases of 63.9%, 45.6%,
and 20.5% at PD 21, 28, and 60, respectively (Figure 2A, right panel).
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Figure 2. Effect of overnutrition during pregnancy and lactation on metabolic phenotype of the
offspring, evaluated by body weight gain (A), basal glycemia (B), insulin sensitivity (C,D), and
glucose tolerance (E,F) at postnatal days 21 (PD21), 28 (PD28), and 60 (PD60). (A) From the left to the
right, body weight in g during offspring development for females and males. (B) From the left to
the right, basal glycemia in mg/dL during early development for females and males. (C,D) Insulin
sensitivity represented by the glycemia profiles during ipITT (C) and by the area under the curve
of those glycemia curves during early descendants’ development for females and males, from the
left to the right, respectively (D). (E,F) Glucose tolerance represented by glycemia profiles during
OGTT (E) and by the area under the curve of those glycemia curves during early descendants’
development for females and males, from the left to the right, respectively (F). PD21—postnatal day
21; PD28—postnatal day 28; PD60—postnatal day 60. Data represent mean 4+ SEM of 10 NC females,
10 NC males, 9 HF females, and 9 HF males per time-point. Black circles correspond to offspring born
form mothers submitted to NC diet and black triangles to offspring born form mothers submitted
to HF diet. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests; * p < 0.05
and ** p < 0.01 comparing NC animals with different ages; # p < 0.05, # p <0.01, idis p <0.001 and
#### 1 < 0.0001 comparing NC vs. HF animals with the same age; and ® p < 0.05, %% p < 0.01, and

8955 p < 0.0001 comparing HF animals with different ages.

Maternal overnutrition during pregnancy and lactation significantly increased the
basal glycemia of the female offspring at PD21 and 28 in comparison to the female offspring
from the NC mothers (basal glycemia: NC PD21 = 74.5 + 6.5, HF PD21 = 95.6 £ 7.8, p < 0.01;
NCPD28 =61.0 4+ 2.4, HF PD28 =78.8 £ 2.6, p < 0.05), and the basal glycemia did not change
at PD60 (Figure 2B, left panel). Interestingly, we found that during litter development, the
NC female offspring showed an increase in basal glycemia that was indeed significant at
PD60 (basal glycemia: NC PD21 = 81.3 &+ 2.6, p < 0.01) when compared to the PD28 values,
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and in contrast, the HF female offspring had decreased basal glycemia from PD21 to PD28
(p < 0.05), and it was maintained at PD60 (basal glycemia: HF PD60 = 85.6 & 2.0, p < 0.01).
Basal glycemia was not altered by HF maternal feeding in male offspring in the period of
development that was analyzed (Figure 2B, right panel).

Figure 2C,D represent the curves of glycemia during the ipITT performed on the
offspring (Figure 2C) and the correspondent AUC of those curves (Figure 2D). From the
curves, it can be seen that at PD21, the male offspring from the HF mothers presented a
significant increase in glycemia levels throughout all of the ipITTs (Figure 2C, left panel),
demonstrating a decrease in insulin sensitivity. At PD28, neither HF maternal feeding nor
sex impacted the glycemia profile during the ipITT (Figure 2C, central panel). At PD60, the
glycemia profiles during the ipITT showed that the male offspring had a significant increase
in glycemia throughout the test, independently to the mothers” diets during pregnancy
and lactation (Figure 2C, right panel). Through the analysis of the glycemia AUC from the
ipITT during offspring development in the initial 60 days, insulin sensitivity significantly
increased in the female descendants of the NC mothers (AUC glycemia during ipITT: NC
PD21 =900.4 £ 36.2; NC PD28 = 677.2 + 41.6, p < 0.01; NC PD60 = 724.8 4 22.5, p < 0.05)
(Figure 2D, left panel). In the male offspring, the glycemia AUC during the ipITT decreased
from PD21 to PD28 and increased from PD28 to PD60 in both the NC and HF descendants
(AUC glycemia during ipITT: NC PD21 = 807.8 & 66.4; NC PD28 = 677.6 &= 23.9, p < 0.01;
NC PD60 = 862.6 £+ 19.5, p < 0.05; HF PD21 = 1022.2 £ 81.6; HF PD28 = 663.9 &+ 41.2, p
< 0.01; HF PD60 = 878.6 &+ 34.9, p < 0.05) (Figure 2D, right panel), showing a significant
increase in insulin sensitivity from PD21 to PD28 and a significant decrease in insulin
sensitivity from PD28 to PD60 independent of maternal diet.

Finally, the impacts of maternal diet and offspring sex on the descendants” glucose
tolerance was evaluated using the OGTT (Figure 2E,F). The glycemia profiles showed that
neither the mothers’ diets nor offspring sex impacted glucose tolerance at each PD that
was evaluated (Figure 2E). However, the female offspring from the HF mothers showed
a significant decrease in glucose tolerance in comparison to the female offspring of the
NC mothers at PD21 (AUC glycemia during OGTT: NC PD21 = 19,955.2 + 1033.4; HF
PD21 =23,999.4 & 857.5; p < 0.05), an effect that is attenuated during offspring development
(AUC glycemia during OGTT: HF PD21 = 23,999.4 £ 857.5; HF PD28 = 20,866.1 £ 345.6; HF
PD60 = 20,076.8 + 598.9; p < 0.05) (Figure 2F, left panel). Male offspring glucose tolerance
was not altered by the diet fed to the mothers during development (Figure 2F, right panel).

3.2.2. Liver and Adipose Tissue Depots” Weights

In Table 2 are the liver and adipose tissue depots” weights of descendants of mothers
submitted to a NC or HF diet during the gestation and lactation periods. Maternal overnu-
trition during pregnancy and lactation impacted both the male and female offspring AT
depots” weights mainly at PD60.

In the female offspring, overnutrition in mothers significantly increased visceral and
perinephric AT at PD60 (visceral AT weight: NC females PD60 = 0.406 + 0.038; HF females
PD60 = 0.527 + 0.055, p < 0.001; perinephric AT weight: NC females PD60 = 0.196 + 0.017;
HF females PD60 = 0.374 = 0.068, p < 0.01, mg).

Regarding the male offspring, maternal overnutrition promoted an increase in liver
weight at PD21 (NC males PD21 = 2.286 + 0.086; HF males PD21 = 2.717 4 0.126, p < 0.01)
and at PD60 (NC males PD60 = 6.377 £ 0.326; HF males PD60 = 7.218 £ 0.465, p < 0.05).
Also, an HF diet in mothers during pregnancy and lactation promoted an increase in the
weight of visceral AT (NC males PD60 = 1.216 + 0.182; HF males PD60 = 1.864 + 0.152,
p <0.01) and genital AT (NC males PD60 = 2.324 4 0.375; HF males PD60 = 3.642 + 0.503,
p < 0.01) in male descendants at PD60.

The brown AT weight was not altered significantly in neither the female nor male
descendants of the HF mothers, at least until PD60.
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Table 2. Impact of overnutrition in mothers during pregnancy and lactation on the weights (mg) of
the liver and of the different adipose tissue (AT) depots in male and female descendants at postnatal
days 21, 28, and 60.

Liver Visceral AT Perinephric AT Genital AT Brown AT
NC Females PD21 0.963 + 0.066 0.262 + 0.026 0.105 £ 0.017 0.128 £+ 0.015 0.087 £ 0.010
HF Females PD21 1.646 £ 0.139 0.278 4 0.039 0.222 4+ 0.026 0.318 £ 0.098 0.130 £ 0.021
NC Females PD28 0.978 £ 0.056 0.257 + 0.021 0.139 4+ 0.012 0.114 £+ 0.012 0.103 £ 0.009
HF Females PD28 1.965 + 0.115 0.344 + 0.042 0.303 £ 0.053 0.286 + 0.050 0.143 £ 0.015
NC Females PD60 1.892 £ 0.118 0.406 £ 0.038 0.196 £ 0.017 0.214 £+ 0.033 0.135 £ 0.009
HF Females PD60 2.670 £ 0.158 0.527 + 0.055 *** 0.374 £ 0.068 ** 0.472 £ 0.075 0.139 £ 0.010
NC Males PD21 2.286 + 0.086 0.376 £ 0.042 0.376 £ 0.059 0.305 + 0.033 0.146 + 0.016
HF Males PD21 2.717 £ 0.126 ** 0.561 4 0.043 0.472 4+ 0.042 0.528 £ 0.054 0.144 £+ 0.012
NC Males PD28 4.872 £ 0.405 1.029 + 0.135 1.109 £+ 0.212 1.993 + 0.405 0.249 £ 0.025
HF Males PD28 4.566 +0.178 1.472 £ 0.065 1.879 £ 0.281 2.183 +0.386 0.226 4 0.026
NC Males PD60 6.377 £ 0.326 1.216 £ 0.182 2.599 + 0.381 2.324 +0.375 0.269 £ 0.025
HF Males PD60 7.218 £0.465* 1.864 + 0.152 ** 3.162 £ 0.422 3.642 £ 0.503 ** 0.284 + 0.026

Data represent mean + SEM of 10 NC females, 10 NC males, 9 HF females, and 9 HF males per time-point.
*p <0.05,* p <0.01; ** p <0.001 two-way ANOVA with Sidak’s multiple comparison test comparing animals
submitted to normal chow (NC) diet and animals submitted to high-fat diet (HF) of the same age. PD21—postnatal
day 21; PD28—postnatal day 28; PD60—postnatal day 60.

3.3. Effect of Overnutrition during Pregnancy and Lactation on Behavior Phenotype in
the Offspring

In order to assess the impact of overnutrition during pregnancy and lactation on the
offspring, a series of behavioral tests were conducted on the offspring at PD60. These tests were
categorized into three main groups, presented in the following sections: Section 3.3.1. Anxiety
and Stress; Section 3.3.2. Memory and Learning; and Section 3.3.3. Food/Drink Behavior.

3.3.1. Anxiety and Stress

In this battery of tests (Figure 3), we incorporated the OF, EPM, and the LDB tests,
which are all designed to measure anxiety and stress levels in the offspring [22].

Regarding the OF results, significant differences (p < 0.05) were evident among the
female offspring groups concerning the distance covered within the inner zone. This
suggests that the female offspring from mothers on an HF diet spent notably less time
in the inner zone compared to those from the control mothers. However, no significant
differences were observed among the other groups for the remaining three parameters:
total distance, total immobility /total test time, and immobility within the inner zone/total
test time (Figure 3A).

Concerning the results of the elevated plus maze (EPM) test, there were no significant
differences detected between the groups (NC vs. HF) for the five parameters assessed: ratio
of open arm/open + closed arm, ratio of closed arm/open + closed arm, number of poops,
number of pees, and the frequency of alternations between arms (Figure 3B).

Finally, when it comes to the outcomes of the light-dark box test, there were no
significant differences observed between the groups (NC vs. HF) in the three parameters
analyzed: the proportion of time spent in the light zone relative to the total test time, the
proportion of time spent in the dark zone relative to the total test time, and the number of
alternations (Figure 3C).

3.3.2. Memory and Learning

For this set of assessments (Figure 4), we used the Y maze, the novel object recognition
(NOR), and the block test, designed to assess memory and learning [22].

The Y maze test was used to evaluate spatial learning and memory capacity in the
offspring of both the NC and HF animals. There were no significant differences observed
in the four parameters analyzed: the time the animals spent in the new arm, the ratio of
time spent in the novel arm to the sum of time spent in both the novel and home arms,
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the number of entries into the novel arm, and alternative behaviors. The last parameter
calculates the ratio of the number of alternations to the possible number (total number of
arm entries minus two) (Figure 4A).
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Figure 3. Effect of overnutrition during pregnancy and lactation on anxiety and stress, evaluated
using the open field test (A), elevated plus maze test (B), and light-dark box test (C), in the offspring
at postnatal day 60. (A) From the left to the right, the panel shows a schematic representation of the
open field maze, the distance in the inner zone (cm), total distance covered (cm), total immobility
(s), and the immobility in the inner zone (s); (B) from left to right, the panel shows a schematic
representation of the elevated plus maze, the time spent in the open arms in comparison to the time
spent in all arms (s), the time spent in the closed arms in comparison to the time spent in all arms (s),
the number of poops in the maze, the number of pees, and the number of alternations between the
open arm and the closed arms. Data represent mean + SEM of 10 NC females, 10 NC males, 8 HF
females, and 8 HF males. Black circles correspond to offspring born form mothers submitted to NC
diet and black triangles to offspring born form mothers submitted to HF diet. Two-way ANOVA with
Bonferroni and Sidak’s multiple comparison tests were used; * p < 0.05 and ** p < 0.01 comparing
NC animals.

Regarding the NOR results, there were no significant differences observed between
the NC and HF groups in the three parameters measured: the time required to identify
the new object, the ratio of time spent interacting with the novel object over the total time
spent interacting with both the novel and familiar objects, and the ratio of time spent
interacting with the familiar object over the total time spent interacting with both the novel
and familiar objects (Figure 4B).
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Figure 4. Effect of overnutrition during pregnancy and lactation on memory and learning, evaluated
using the Y maze test (A), novel object recognition test (B), and block test (C), in the offspring at
postnatal day 60. (A) From the left to the right, panel shows a schematic representation of the Y maze,
the first arm choice (%), the ratio between the novel arm vs. the time in both the novel and familiar
arm, the % of novel arm entries, and the alternative behaviors (%). (B) From the left to the right, the
panel presents a schematic representation of novel object recognition apparatus, the time taken to
identify the novel object (s), the ratio of the time the animals spent interacting with the novel object
vs. the total interaction time (s), and the time the animals spent interacting with the familiar object
vs. the total interaction time (s). (C) From left to right, the panel presents a schematic representation
of the block test, the time taken to identify the novel block (s), the time the animals spent sniffing
the novel block vs. the total time sniffing all the blocks, and the time the animals spent sniffing the
familiar blocks vs. the total time sniffing all of the blocks. Data represent mean & SEM of 10 NC
females, 10 NC males, 8 HF females, and 8 HF males. Black circles correspond to offspring born form
mothers submitted to NC diet and black triangles to offspring born form mothers submitted to HF
diet. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests were conducted.

Finally, the animals’ olfactory working memories were assessed using the block test
that assesses the ability of the animals to discriminate between familiar and novel, innocu-
ous scents [21]. The results are presented in Figure 3C. No significant differences were
observed between the experimental groups for the three parameters analyzed: the ratio of
time spent sniffing the novel block over the total time spent sniffing both the novel and
familiar blocks, the ratio of time spent sniffing the familiar block over the total time spent
sniffing both the novel and familiar blocks, and the time required to identify the new block.
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However, it is worth noting that there is a noticeable trend in the last parameter, where the
offspring of the HF animals tend to take more time to complete this task.

3.3.3. Food/Drink Behavior
To assess the competition for food and drink, the respective two tests were used: food
competition and water/sucrose competition (Figure 5).
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Figure 5. Effect of overnutrition during pregnancy and lactation on food behavior, evaluated using
food competition test (A-C) and water/sucrose competition test (D-I). (A) From the left to the right,
the panel shows a schematic representation of the food competition test, the time spent eating (s) and
the food intake (g) (A), the antagonistic behavior and the time spent displaying antagonistic behavior
(s) (B), and the time of grooming (s) (C). (D-F) From the left to the right, the panel represents a
schematic representation of water/sucrose competition, time drinking (s) and the liquid intake (mL)
(D), the antagonistic behavior and the time spent displaying antagonistic behavior (s) (E), and time of
grooming (s) (F) in response to water competition. (G-I) From the left to the right, the panel shows
the time drinking (s) and the liquid intake (mL) (G), the antagonistic behavior and the time spent
displaying antagonistic behavior (s) (H), and time of grooming (s) (I) in the presence of sucrose. Data
represent mean + SEM of 10 NC females, 10 NC males, 8 HF females, and 8 HF males. Black circles
correspond to offspring born form mothers submitted to NC diet and black triangles to offspring
born form mothers submitted to HF diet. Two-way ANOVA with Bonferroni and Sidak’s multiple

comparison test were conducted; * p < 0.05 comparing NC animals.

The food competition test was used to assess both the competition for food, the
voracity of feeding, as well as the dominance in the offspring in both the NC and HF
animals. No significant differences were observed in any of the five analyzed parameters:
time spent eating, food intake, antagonistic behavior, time spent displaying antagonistic
behavior, and grooming. However, a trend can be observed for two parameters: the time
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spent eating and food intake. The HF animals tend to feed for a longer period and consume
a higher amount of food compared to the NC animals.

In these tests, antagonistic behaviors indicating dominance over the other were con-
sidered (see methods in Sections 2.3.7 and 2.3.8).

Like the previous test, the water/sucrose competition test is used to determine if there
is a preference for drinking between sucrose and water. To carry this out, the amount
of liquid ingested, the speed at which animals consume it, as well as the dominance of
this resource among NC and HF animals were measured. When comparing significant
differences within the same trial (when the liquid is the same), it was clear that, when
they competed for water, males born from the HF mothers drank water for a longer
time, although without significant differences in the amount of liquid intake. Note, also,
that no differences were observed in the females in the time spent drinking water or the
amount of water intake. Moreover, the animals, when exposed to water, did not exhibit
significant differences in antagonistic behavior, the time spent displaying antagonistic
behavior, and grooming. When the animals competed for sucrose, no significant differences
were observed among the five parameters previously mentioned. When comparing the
water trial vs. the sucrose trial, it seems that the animals spent more time consuming
water than sucrose, exhibited a greater quantity of antagonistic behaviors when exposed to
water compared to sucrose, and also engaged in a higher amount of grooming during the
water trial.

3.4. Effect of Overnutrition during Pregnancy and Lactation on Hypothalamic, Hippocampal, and
Prefrontal Markers of Synaptic Transmission, Metabolic Signaling, and Inflammation

To assess the impact of excessive nutrition during pregnancy and lactation in some
areas of the brain related with stress and anxiety—the hypothalamus, hippocampus,
and prefrontal cortex—a Western blot technique was employed to examine the levels
of some proteins and receptors involved in synaptic dynamics (Section 3.4.1), metabolism
(Section 3.4.2), and inflammation (Section 3.4.3).

3.4.1. Protein Markers of Synaptic Transmission on the Hypothalamus, Hippocampus, and
Prefrontal Cortex

Stress, anxiety, and cognition have been associated with altered synaptic transmission
and plasticity [23,24]. To investigate synaptic dynamics in the three designated areas,
we assessed three distinct proteins: the glutamate vesicular transporter (vGLUT), the
synaptosome-associated protein 25 kDa (SNAP-25), which contributes to the SNARE
complex involved in exocytosis, and the postsynaptic density protein 95 (PSD-95), a member
of the membrane-associated guanylate kinase family that, with PSD-93, is recruited to the
NMDA receptor and potassium channel clusters.

In the hypothalamus, development induced increases of 37.5% and 44.7% (p < 0.001)
in the levels of vGLUT, and the females showed a non-significant increase at PD28 and
PD60. The male HF offspring did not exhibit significant differences compared to the NC
offspring, but the female offspring at PD21 showed a significant increase of 57.5% that
was attenuated with age (Figure 6A). Both the males and females showed increases in
the SNAP-25 levels from PD21 onwards in the NC animals, with this being statistically
significant only for the females at PD60 (increase of 99.3%). Moreover, both the males and
females born from HF mothers exhibited altered levels of SNAP-25 at the hypothalamus,
with the males always exhibiting higher levels of protein that were significant at PD28,
and with the females exhibiting significant higher levels at PD21 that were maintained at
PD28 and PD60 (Figure 6B). In relation to PSD-95, it was clear that the males exhibited a
tendency to progressively increase the levels of this protein with age, which is an effect that
was not observed in the females. Overnutrition during pregnancy and lactation did not
change these results (Figure 6C).
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Figure 6. Effect of overnutrition during pregnancy and lactation on the levels of proteins involved in
synaptic transmission on the hypothalamus (A-C), hippocampus (D-F), and prefrontal cortex (G-I).
From the left to the right, graphs show the mean levels of the ratio between vGLUT and f-actin, the
ratio between SNAP-25 and {-actin, and the ratio between PSD-95 and f3-actin in males and females,
respectively at the hypothalamus (A-C), hippocampus (D-F), and prefrontal cortex (G-I). On the top
of the graphs are representative Western blot membranes for the proteins of interest and the respective
loading control. Data represent mean & SEM of 4-5 NC females, 4-5 NC males, 4-5 HF females, and
4-5 HF males for each time-point. Black circles correspond to offspring born form mothers submitted
to NC diet and black triangles to offspring born form mothers submitted to HF diet. Two-way
ANOVA with Tukey’s and Sidak’s multiple comparison tests were conducted; * p < 0.05, ** p < 0.01,
#% 1 < 0.001 and *** p < 0.0001 comparing NC animals with different ages; # p < 0.05, # p < 0.01,
and # p < 0.001 comparing NC vs. HF animals with the same age; and * p < 0.05, ¥ p < 0.01 and
8% p <0.001 comparing HF animals with different ages.

In the hippocampus, no significant differences were observed regarding age, diet,
and sex for vGLUT (Figure 6D) or PSD-95 (Figure 6F). However, notable differences were
evident in SNAP-25 in the males and females. Note that there was a clear decrease in the
levels of SNAP-25 between PD21, PD28, and PD60 in the NC animals (males: decreases of
32.3% at PD28 and 52.6% at PD60; females: decreases of 52.2% at PD28 and 39.9% at PD60).
Interestingly, the overfeeding of mothers during pregnancy and lactation did not change
the levels of SNAP-25 in the males at PD21 and PD28, but it increased its levels by 37.5% at
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PD60. Moreover, females born from HF mothers showed significantly increased levels at
PD21 and PD60 of 47.7% and 59.8%, respectively.

The prefrontal cortex development in males and females produced significant changes
in the levels of vGLUT, but not on the other proteins studied, where no differences were
observed between PD21, PD28, and PD60 (Figure 6G-I). Note that the vGLUT levels were
significantly higher at PD28 (increase of 70.3%) and PD60 (increase of 51.1%) in the males
and at PD60 (increase of 37.4%%) in the females. Interestingly, only the male offspring from
the HF mothers showed differences at PD21 that were attenuated with age (Figure 6G). The
SNAP-25 levels were increased in the males and females born from HF mothers, an effect
that was attenuated with age, but there was more marked in the males. Note that at PD21
and PD28, the males born from HF mothers showed high levels of SNAP-25 that were
attenuated at PD60. Interestingly, this increase, although non-significant, was only seen in
the females at PD21 (increase by 51.1%%) (Figure 6H). An HF diet during pregnancy and
lactation did not change the levels of PSD-95 in the males nor females (Figure 6I).

3.4.2. Protein Markers of Metabolism on the Hypothalamus, Hippocampus, and
Prefrontal Cortex

Figure 7 depicts the impact of hypercaloric diets consumed by mothers in some
metabolic markers—insulin receptor and AMPK—in specific brain areas of the offspring.
We can observe that in the hypothalamus, development significantly and progressively
increased the levels of the ratio of IR-P/IR-T in the males and females born from NC
mothers (males at PD28, 31.9% increase; males at PD60, 43.0% increase; females at PD28,
42.8% increase; females at PD60, 44.4% increase), suggesting a higher phosphorylation of
the IR with development. Interestingly, while no changes were observed in the levels of
this ratio at PD21 and PD28 in the males born from HF mothers, a significant reduction
was seen at PD60 (49.3% decrease). In contrast, in the females, an HF diet in mothers
promoted a higher ratio of IR-P/IR-T at PD21 (40.2% increase) that was attenuated with
age (Figure 7A). Panel B shows the ratio of AMPK-P/AMPK-T, a metabolic sensor. Age
increased the levels of the ratio of AMPK-P/AMPK-T in both the females and males, with
these only being significant in the males (Figure 7B), suggesting a higher phosphorylation
of AMPK with development. HF diet consumption in mothers did not change this ratio in
neither sex (Figure 7B). In the hippocampus, the levels of the ratio of IR-P/IR-T followed,
more or less, the same trend than in the hypothalamus, with the phosphorylation of IR
increasing by 49.8% at PD60 in the males and increasing progressively with development
in the females, although without statistical significance (Figure 7C).

HF diet intake by mothers did not significantly alter the ratio of IR-P/IR-T in the
offspring in neither sex (Figure 7C). Interestingly, we observed sexual dimorphism in the
ratio of AMPK-P/AMPK-T at the hippocampus, with the females in the NC group showing
a progressively and statistically significant increase in the phosphorylation of AMPK at
PD28 (36.4%) and PD60 (36.3%), but no effect on the males was observed (Figure 7D). An
HF diet in mothers significantly changed the ratio of AMPK-P/AMPK-T in the offspring
in both sexes (Figure 7D). Figure 7E and F depict the levels of the same proteins in the
prefrontal cortex. Note that there was a progressive decrease in the ratio of IR-P/IR-T
with development in the offspring from NC mothers, which was more accentuated and
statistically significant in the males (PD28, 38.8% decrease, and PD60, 55.4% decrease
compared with PD21) than in the females (Figure 7E). Also note that HF diet intake in
mothers promoted a decrease of 48.6% in the phosphorylation of IR at PD21 in the males
that was not altered with age. In females, no differences were observed (Figure 7E). In
contrast, the ratio of AMPK-P/AMPK-T statistically increased in the offspring of the NC
mothers from PD21 onwards, both in the males (PD28m 13.6% increase; PD60, 15.4%
increase) and females (PD28, 20.2% increase; PD60, 18.3% increase). HF diet intake in
mothers induced a higher phosphorylation of AMPK in the offspring at PD21 in both
the males (14.1% increase) and females (17.5% increase) that was maintained with age
(Figure 7F).
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Figure 7. Effect of overnutrition during pregnancy and lactation on the levels of insulin receptor and
AMPK on the hypothalamus (A,B), hippocampus (C,D), and prefrontal cortex (E,F). From the left to
the right, graphs represent mean levels of the ratio between phosphorylated insulin receptor/total
insulin receptor (P-IR/T-IR) and (3-actin, and the ratio between phosphorylated AMPK and total
AMPK (p-AMPK/T-AMPK) and (-actin in males and females, respectively at the hypothalamus
(A,B), hippocampus (C,D), and prefrontal cortex (E,F). On the top of the graphs are representative
Western blot membranes for the proteins of interest and the respective loading control. Data represent
mean + SEM of 4-5 NC females, 4-5 NC males, 4-5 HF females, and 4-5 HF males for each time-point.
Black circles correspond to offspring born form mothers submitted to NC diet and black triangles
to offspring born form mothers submitted to HF diet. Two-way ANOVA with Tukey’s and Sidak’s
multiple comparison tests were conducted; * p < 0.05, ** p < 0.01 and *** p < 0.001 comparing NC
animals with different ages; * p < 0.05, # p < 0.01, and #* p < 0.001 comparing NC vs. HF animals
with the same age; and ¥ p < 0.05, %% p < 0.001 comparing HF animals with different ages.
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3.4.3. Protein Markers of Inflammation on the Hypothalamus, Hippocampus, and
Prefrontal Cortex

Inflammation has been implicated in several mood and anxiety disorders as well as
in cognitive decline [25,26]. To explore the inflammation as being involved in the effects
of overnutrition during pregnancy and lactation in stress and anxiety in the offspring, we
evaluated the levels of three inflammatory markers: GFAP, whose expression was shown
to be increased in brain inflammatory states [26]; TNF-«, a pro-inflammatory cytokine
expressed in many brain pathologies and associated with neuronal loss [27]; and IL6-R, the
receptor for IL6, a major cytokine that has anti- and pro-inflammatory effects on the brain
and has been linked with neurodegenerative diseases and with chronic stress contributing
to neurobehavioral complications [28].

In the hypothalamus, no significant changes were observed in the GFAP levels in
males concerning diet or age. However, although the GFAP levels in the females did not
change with age in the NC offspring, they exhibited a 38.5% significant increase from PD21
to PD28 in the HF offspring (Figure 8A). Surprisingly, the levels of TNF-« decreased from
PD21 to PD28 and PD60 both in the males (PD28, 32.7%; PD60, 26.2%) and females (PD28,
36.4%; PD60, 52.4%) in the NC offspring. Overnutrition during pregnancy and lactation in
mothers did not alter the levels of TNF-a in the hypothalamus in the offspring (Figure 8B).
Considering IL6-R there was an increase in the levels of this protein with development in
both the males (PD28, 36.4%; PD60, 91.8%) and females (PD28 32.5%) in the NC offspring.
Overnutrition during pregnancy and lactation in the mothers did not significantly alter the
levels of IL6-R in the hypothalamus in the offspring (Figure 8C).

In the hippocampus, when examining GFAP, no significant differences were observed
concerning age and diet for neither sex in the offspring (Figure 8D). In the analysis of the
TNF-«, it became apparent that diet had a notable impact on the males. While there was
a decrease in TNF with age in the male NC offspring, there was an increase in the levels
of IL6-R in the HF offspring at PD28 and PD60 when compared to the NC group (35.8%
and 51.2%, respectively), a trend that was not observed in the females (Figure 8E). When
comparing the IL6-R levels in the males, an HF diet in the mothers increased the levels
by 35.8% at PD21, which is an effect that was attenuated at PD28 and PD60. In females,
age did not change the IL6-R levels in the NC offspring, but HF diet intake in mothers
increased the IL6-R levels significantly by 28.1% at PD60 (Figure 8F).

In the prefrontal cortex, the GFAP levels increased significantly with age in the males
from the NC group (PD28, 39.6% and PD60, 32.5%), which is an effect that was absent in the
females. Overnutrition during pregnancy and lactation in mothers did not significantly alter
the levels of GFAP in the prefrontal cortex in the offspring (Figure 8G). TNF-o decreased
with age in both the males and females born from NC mothers; however, the decrease was
only statistically significant in the males (PD28, 41.5%; PD60, 47.5% in comparison with
PD21). HF diet intake in mothers did not change the TNF-« levels in the males nor females
(Figure 8H). In the analysis of the IL6-R levels, there was a 29.9% increase in the IL6-R
levels at PD60 in the male offspring from NC mothers, while in the females, no alterations
were observed with age. Overnutrition during pregnancy and lactation in mothers did not
significantly alter the levels of IL6-R in the prefrontal cortex in the offspring (Figure 8I).
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Figure 8. Effect of overnutrition during pregnancy and lactation on the levels of proteins involved in
inflammation on the hypothalamus (A-C), hippocampus (D-F), and prefrontal cortex (G-I). From
the left to the right, graphs show mean levels of the ratio between GFAP and (3-actin, the ratio
between TNF-a and (3-actin, and the ratio between IL6-R in males and females, respectively at the
hypothalamus (A,B), hippocampus (C,D), and prefrontal cortex (E,F). On the top of the graphs are
representative Western blot membranes for the proteins of interest and the respective loading control.
Data represent mean + SEM of 4-5 NC females, 4-5 NC males, 4-5 HF females, and 4-5 HF males
for each time-point. Black circles correspond to offspring born form mothers submitted to NC diet
and black triangles to offspring born form mothers submitted to HF diet. Two-way ANOVA with
Tukey’s and Sidak’s multiple comparison tests were conducted; * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 comparing NC animals with different ages; # p < 0.05, # p < 0.01, and ## p < 0.001
comparing NC vs. HF animals with the same age; and ® p < 0.05, ¥ p < 0.01, and %% p < 0.0001

comparing HF animals with different ages.

4. Discussion

In this study, we demonstrated that (1) female offspring born from overfeeding moth-
ers during pregnancy and lactation showed increased weight gain and decreased glucose
tolerance that attenuated with age; (2) offspring males born from overfeeding mothers
exhibited increased weight gain that worsened with age, while glucose tolerance remained
unchanged; (3) offspring from HF mothers exhibited increased levels of anxiety and stress
during behavioral tests, displaying decreased predisposition for curiosity compared to the
control group; and (4) offspring born from overfeeding mothers exhibited alterations in
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exocytotic capacity in the hypothalamus, hippocampus, and prefrontal cortex and in some
inflammatory markers in the hippocampus that are different in males and females. As a
whole, we demonstrated that maternal HF diet feeding during pregnancy and lactation
induces dysmetabolism in the offspring accompanied by heightened stress and anxiety
and by alterations in synaptic dynamics and neuroinflammation. Moreover, we found that
there was sexual dimorphism in metabolic traits but not in behavior phenotypes.

4.1. Effect of Overnutrition during Pregnancy and Lactation on Metabolic Function in
the Offspring

Herein, we showed, as expected, that throughout offspring development, distinctions
arose concerning sex, diet, and age. As a pup develops, the body weight undergoes
fluctuations depending on age, consistently showing a tendency to increase, and is largely
influenced by dietary factors. Sexual dimorphism becomes apparent from 21 days onwards,
with males generally exhibiting larger sizes and consequently greater weights than females.
Over time, particularly in males, there is an escalating weight disparity influenced by diet.
Conversely, in females, who commence hormone production at day 28 [29], the impact of
diet on weight variation gradually diminishes. The estrogen hormone plays a pivotal role
in regulating food intake and body weight, extending its influence to the modulation of
insulin receptor abundance and ultimately being responsible for these differences between
genders in overnutrition-dependent body weight gain [30].

Sexual dimorphism observed in the weight was also evident in the basal glycemia
levels, with female offspring exhibiting changes in basal glycemia, while male offspring
do not. This increased basal glycemia in female offspring at PD21 and PD28, compared
to NC animals, suggests a significant impact of maternal diet during early development
that could be attributed to a phenomenon known as developmental programming [31],
where maternal influences during critical periods of fetal and neonatal development shape
the long-term health of the offspring. Maternal overnutrition induces changes in the
intrauterine environment, influencing the release of hormones and leading to epigenetic
modifications [32]. These epigenetic changes can subsequently impact gene expression,
potentially contributing to the observed differences in basal glycemia [33]. Interestingly, at
PD60, the basal glycemia in female offspring from HF mothers did not differ significantly
from the NC female offspring. This stabilization or resolution of metabolic effects over time
suggests potential adaptive mechanisms or compensatory changes in response to early-life
exposures and a possible contribution of hormonal effects [34]. Hormonal and genetic
differences between male and female offspring may contribute to the observed variations
in metabolic outcomes, and in this case, in basal glycemia [35].

Sexual dimorphism was also observed in insulin sensitivity. At PD21, the male
offspring from HF mothers demonstrated a significant increase in the area under the curve
of the insulin tolerance test, indicating decreased insulin sensitivity. This early effect
suggests that maternal overnutrition during critical developmental periods may induce
alterations in insulin signaling pathways, contributing to reduced insulin sensitivity in male
offspring during early postnatal life. Surprisingly, at PD28, neither HF maternal feeding nor
sex seemed to significantly impact the glycemia profiles during the ITT. This lack of effect at
PD28 suggests potential adaptive responses or the normalization of insulin sensitivity in the
offspring, possibly involving compensatory mechanisms that counteract the initial impact
of maternal overnutrition [36]. By PD60, the male offspring, irrespective of maternal diet,
displayed a significant increase in the area under the curve of the ipITT. This effect at PD60
suggests that the effects of age on insulin sensitivity that are clearly described in adulthood
are already seen at early ages [37]. Regarding the female offspring, a different pattern
emerged. The glycemia during ipITT indicated a significant increase in insulin sensitivity
from PD21 to PD28 and a subsequent decrease from PD28 to PD60 in both the NC and
HF female descendants. These dynamic changes suggest a time-dependent modulation
of insulin sensitivity in females. Hormonal fluctuations, metabolic adaptation, or other
sex-specific factors may contribute to these variations in insulin sensitivity during different
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developmental stages [37]. Moreover, the absence of effects of maternal dysmetabolism on
insulin sensitivity with development contrasts with the documented impact of maternal
obesity on insulin resistance later in life in animals [38] and humans [39]. However, this
lack of effect on insulin sensitivity with development might be attributable to the duration
of the exposure of mothers to the high-fat diet and their level of metabolic dysfunction.

The glycemia profiles during the OGTT revealed that at each PD evaluated, neither
the maternal diet nor offspring sex exerted a significant impact on glucose tolerance. This
suggests a robustness or resilience in glucose tolerance to variations in maternal nutrition
during the assessed developmental stages, indicating that the offspring can maintain
a relatively stable glucose tolerance despite differences in the maternal diet or offspring
sex [40]. However, a notable exception emerged in the female offspring at PD21. The female
descendants of HF mothers exhibited a significant decrease in glucose tolerance compared
to their counterparts from NC mothers. Interestingly, this effect in the female offspring was
attenuated during development. The area under the curve of the OGTT decreased in the
HF female offspring from PD21 to PD28 and remained relatively stable from PD28 to PD60.
We have to take into account that females start hormonal production at PD28 [29]; therefore,
at this age, there must be a potential adaptive response or compensatory mechanism in HF
female offspring as they mature, indicating a dynamic regulation of glucose tolerance, with
hormonal fluctuations in female development potentially having an important impact [40].
Conversely, the male offspring did not exhibit alterations in glucose tolerance during
development based on the diet fed to the mothers. This lack of effect in males underscores a
potential sex-specific response to maternal diet in the context of glucose tolerance during the
assessed developmental period. Moreover, a recent meta-analysis showed that the exposure
to maternal hyperglycemia during pregnancy might be associated with offspring obesity
and abnormal glucose tolerance, although the association depends on the duration and
intensity of intrauterine exposure to hyperglycemia [41], which agrees with the contrasting
effects of our data with some of the published literature.

4.2. Effect of Overnutrition during Pregnancy and Lactation on Behavior and CNS Functions in
the Offspring

In the present manuscript, we show that maternal exposure to an HF diet is correlated
with a propensity for stress and anxiety-like behavior in the offspring without alterations
in memory and learning and on food behavior. Our study demonstrates that offspring
from HF mothers exhibited diminished exploratory behaviors and reduced curiosity, re-
flecting the same outcomes observed in previous studies involving offspring from HF
mothers [42]. This behavioral trend is consistent with the existing literature that shows that
rats subjected to an HF diet exhibit prolonged dwelling times in the shadowy corners of
mazes and an increased frequency of defecation, aligning with the patterns reported by
other researchers [43] and with human studies that demonstrated that prenatal maternal
obesity is associated with offspring anxiety disorders, and that these associations may be
long-lasting [44]. Moreover, it was shown that the severity of diabetes during pregnancy
may increase the offspring’s vulnerability to depression/anxiety during childhood and
adolescence [42], which is in agreement with our data presented herein.

Trying to unveil the underlying neurobiological mechanisms by which maternal
overnutrition induces stress and anxiety in the offspring, we focused on the synaptic
dynamics and transmission, on metabolism, and on neuroinflammation. In the evaluation
of synaptic dynamics, notably, neuroprotection was observed in the females, which could be
primarily attributed to the presence of hormones, such as estrogen, which serve crucial roles
in preserving and maintaining neuronal health [45]. This neuroprotective effect contributes
to the manifestation of sexual dimorphism, particularly evident in the prefrontal cortex
concerning markers like SNAP-25, a marker for exocytosis, and PSD-95, a marker for
postsynaptic glutamatergic transmission. Additionally, the increase in vGLUT in the early
days of life, which is also linked to glutamatergic transmission, may be associated with age
and, once again, is influenced by the presence of hormones, especially in females, as noted in
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the hypothalamus and hippocampus [44]. Regarding the impact of overnutrition in mothers
in the offspring, this is mainly observed at the exocytosis level, with HF-exposed pups
displaying an increased rate of exocytosis in the three regions studied—the hypothalamus,
hippocampus, and prefrontal cortex. However, we can also see a sexual dimorphism
in synaptic transmission since the increase in the exocytotic marker, SNAP-25, seen in
males was not observed in females neither in the hypothalamus nor prefrontal cortex,
and it was even decreased at PD60 in the hippocampus in females. Conversely, in the
post-synaptic region, no discernible changes were evident with respect to either diet
or age on the glutamatergic marker. While there is some evidence reporting altered
glutamatergic signaling in the amygdala in the offspring from obese mothers [45,46], in
the three regions studied in the present manuscript, overnutrition in mothers clearly
modifies markers of glutamatergic signaling, suggesting that the effects of a high fat diet
involve neurotransmitters other than glutamate. This agrees with some demonstrations of
decreased levels of GABAergic and serotonergic neurotransmitters in the whole brain [47].
Moreover, since hypothalamic neurotransmitters like POMC and NPY are critical for energy
balance and feeding [48] (it was found that a POMC-originated circuit regulates stress [49],
the ablation of POMC neurons led to anxiety-like behavior [50], and NPY knockouts are
related to anxiety [51]), other neurotransmitters will probably be keys in driving this
stress/anxiety phenotype in the offspring of dysmetabolic mothers. As a whole, our
results clearly suggest a selective influence of dietary factors on specific aspects of synaptic
function, underscoring the intricate interplay between nutrition, gender-related hormonal
influences, and synaptic mechanisms.

Concerning metabolism molecular pathways, an intriguing pattern emerges as males
exhibit an age-related increase in the activation of the insulin signaling pathway, while
females maintain a consistent level throughout the early days of development. Notably,
in the prefrontal cortex of males, there is a decline in insulin receptor phosphorylation
with age. This trend suggests a plausible scenario wherein the initial higher activation of
these receptors to participate in the high-rate metabolism at birth diminishes as the pup
matures [46—48]. Interestingly, no significant effect of HF diets in mothers was appreciated
in the insulin signaling cascade in the offspring except for the statistically significant de-
crease in activation at PD60 in the hypothalamus in males. Note that, at the hypothalamus,
insulin suppresses food intake, is involved in glucose and fat metabolism regulation [52,53],
and controls sympathetic activity [54]. Therefore, a decreased activation of this pathway
at PD60 can anticipate the late development of cardiometabolic complications. Regard-
ing AMP-activated protein kinase (AMPK), the activation of this protein experiences an
increase across various brain regions and age groups. This versatile protein not only
facilitates the conversion of AMP into ATP but also responds to nutrients, metabolites,
and hormones involved in energy balance [55], and it is also involved in the regulation
of growth and reprogramming metabolism [56], which could explain the increase during
development. Herein, we observed slight increases in AMPK signaling at PD21 in the
offspring of HF mothers, both in males and females, that were attenuated with age. Within
the hormones that modulate AMPK-dependent metabolic control, there is insulin, leptin,
ghrelin, estrogens, etc. Therefore, hormonal maturation is a crucial step that will change
AMPK pathway activation in the control of food intake and energy metabolism. Moreover,
the distinct hormonal maturation between sexes will make AMPK modulation different
in males and females due to the roles of sex-specific hormones that were previously de-
scribed [54]. Given its multifaceted role in various pathways, further investigations are
warranted to pinpoint the specific pathways activated by AMPK and its specific role in the
contexts of brain function [49,50] and the transgenerationality of dysmetabolism.

When the inflammatory markers were analyzed, we showed a general trend where
the females exhibited lower levels of these markers compared to the males. This distinction
is notably apparent from the age of 28 days onward, coinciding with the onset of hormone
production in females, which may act as a protective mechanism against external stressors,
thereby mitigating the risk of elevated inflammation [57]. Note also that in contrast, males,
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on average, display an upswing in inflammatory markers, namely GFAP and IL6-R, when
they are descendants of NC mothers. Notably, all of the regions studied in the present
manuscript exhibited a higher amount of the TNF-a molecule at PD21 that decreased
with development. Throughout uterine development, pups are constantly protected from
external agents, benefiting from the protective environment provided by their mother’s
uterus, including a regulated temperature. Consequently, it is expected that their inflam-
matory levels remain low during this stage of development [58]. However, after birth, the
newborn is exposed to a variety of external agents and environmental conditions that can
trigger an initial increase in inflammatory levels during the first few days [59]. Afterwards,
the newborn gradually acclimatizes to these external factors, leading to a reduction in
inflammation levels [60]. The tendency for inflammation levels to decrease with age reflects
the continuous acclimatization of the newborn to the external environment. Regarding
the effect of the overnutrition of mothers on the offspring while no alterations in the
GFAP levels, which have been previously associated with neuroinflammation [25,26], we
observed increased levels of TNF-«, particularly on the hippocampus of the males, and
increased levels of IL6-R at the hypothalamus and at the hippocampus in both males and
females, suggesting that neuroinflammation in a neurobiological process underlies the
development of stress and anxiety behaviors. This agrees with previous studies that demon-
strated that anxiety-like behavior was associated with the increased mRNA expression of
proinflammatory markers, including IL6, TNFo, NFkB, and MCP-1, in the hypothalamus
and amygdala [61-63]. However, more information will be needed, and more markers of
inflammation should be tested and in different models (different exposure times to diets
and different diets) to define an association between neuroinflammation and stress and
anxiety behaviors in the offspring.

5. Conclusions

In conclusion, this work demonstrates that, as shown before, exposure to an HF
diet during pregnancy and lactation induces dysmetabolism in the offspring and adds
information related with the behavioral impact of maternal overnutrition, showing that
it induces heightened stress and anxiety. Furthermore, it unequivocally demonstrates
that increased stress and anxiety are correlated with changes in synaptic dynamics and
neuroinflammation in the hypothalamus, hippocampus, and prefrontal cortex. Finally, we
showed that most of these effects of maternal overnutrition during pregnancy and lactation
show sexual dimorphism in metabolic traits but not in behavioral phenotypes.
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Abstract: Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) imposes
a significant burden on Westernized regions. The Western diet, high in salt intake, significantly
contributes to disease development. However, there are a lack of data on salt literacy and salt
intake among MASLD patients in Germany. Our study aims to analyze daily salt intake and salt-
intake-related behavior in MASLD patients. Methods: 234 MASLD patients were prospectively
included. Daily salt intake and salt-intake-related behavior were assessed via a food frequency
questionnaire (FFQ—DEGS) and a salt questionnaire (SINU). Statistical analyses were performed
using SPSS. Results: Mean daily salt intake was higher in men than in women (7.3 + 5 g/d vs.
5.3 £ 4 g/d; p <0.001). There was significant agreement between increased daily salt intake (>6 g/d)
and the behavioral salt index (SI) (p < 0.001). Men exhibited higher SI scores compared to women,
indicating lower awareness of salt in everyday life. Multivariate analysis identified specific salt-
intake-related behaviors impacting daily salt consumption. Conclusions: Our study reveals a strong
link between daily salt intake and salt-intake-related behavior, highlighting sex-specific differences
in an MASLD cohort. To enhance patient care in high-cardiovascular-risk populations, specific
behavioral approaches may be considered, including salt awareness, to improve adherence to lifestyle
changes, particularly in male patients.

Keywords: MASLD; steatotic liver disease; salt consumption; salt-intake-related behavior

1. Introduction

Western-type diets (WDs) with a high consumption of calorically rich, (ultra-) pro-
cessed foods combined with chronic overnutrition and a sedentary lifestyle evoke a state
of chronic metabolic inflammation [1], which contributes to diseases, such as type 2 dia-
betes mellitus (T2DM) as well as metabolic dysfunction-associated steatotic liver disease
(MASLD). Recently, a consensus statement on a new nomenclature for fatty liver disease
was published, and the term nonalcoholic fatty liver disease (NAFLD) is now replaced by
MASLD [2]. MASLD is the most frequent chronic liver disease, with a global prevalence in
the general population of about 25%, with a significant increase expected in the next few
years [34].

A WD is characterized by an excessive intake of highly processed foods, including red
meat, sugary drinks, snacks, cakes, and biscuits [5]. The salt content in processed foods
can be more than 100-times higher in comparison to similar home-made meals, and an
estimated 75% of sodium intake comes from processed or restaurant-prepared food [6].
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So far, the high salt content in the WD has been mainly studied in the pathogenesis of
cardiovascular diseases [7]. Here, the deleterious effect of a high-salt diet (HSD) is driven
by arterial hypertension and associated with increased morbidity and mortality on a global
scale [7]. The consumption of major foods and nutrients across 195 countries was recently
analyzed for the Global Burden of Disease Study [8]. In this study, the worldwide sodium
consumption greatly exceeded the recommended threshold, reaching 6 g of sodium per
day (equivalent to 15 g of salt (NaCl) per day and 86% greater than the optimal amount) [8].
Furthermore, this analysis showed that, in 2017, more than half of diet-related deaths were
attributable to a high intake of sodium [8]. Regional variations were evident, with only the
Caribbean and African regions showing sodium intake within the recommended levels [8].

The consumption of ultra-processed foods (UPFs) has increased worldwide in the last
few years. In the European Prospective Investigation into Cancer and Nutrition (EPIC)
study, the mean energy intake of highly processed foods varied between 61% (Spain) and
79% (Germany) [9]. The short-time effect of UPF consumption was studied in a cross-over
trial with 20 volunteers, who received either ultra-processed or unprocessed diets for
14 days each [10]. Diets were matched for calories, sugar, fat, fiber, and macronutrients
but provided ad libitum. The UPF group consumed an additional 500 kcal/day, and BMI
increased accordingly compared to the unprocessed group. There are several hypotheses
regarding the possible mechanistic links between UPF consumption and the incidence of
chronic diseases [11]. One of these hypotheses describes the poorer nutritional quality of
UPFs, as they are characterized by a higher content of saturated fat, added-sugar energy
density, and salt, along with a lower fiber and vitamin content [11]. In a cross-sectional
study of 789 volunteers, a high consumption of UPFs was further associated to metabolic
syndrome and, in MASLD patients, with fibrosis [12]. In a prospective Chinese study
cohort, the consumption of ultra-processed foods was associated with a higher risk for
MASLD after adjusting for various variables including total energy intake [13]. Another
prospective study in China revealed that a high daily salt intake was associated with a
higher risk of developing MASLD in the future [14]. High salt intake is a risk factor for
metabolic diseases, including obesity, hypertension, dyslipidemia, and T2DM [15,16]. In
preclinical MASLD models, a high-salt diet decreased antioxidant defenses and increased
inflammation and fibrosis in the liver of animals [17,18]. The DASH (Dietary Approaches
to Stop Hypertension) diet is characterized, amongst other things, by a sodium reduction.
This diet was analyzed in a randomized clinical trial over 8 weeks in MASLD patients
and showed beneficial effects on serum markers and body weight [19]. Reductions in
UPF consumption and salt intake could be a strategy for the prevention of obesity and
associated diseases such as MASLD.

To date, no data exist about daily salt intake or the salt-intake-related behavior of
MASLD patients in Germany. The term “food literacy” describes that knowledge, skills, and
behaviors are required to be put into practice for healthy diets [20]. A survey on knowledge
and salt-intake-related behavior in an Italian cohort showed that the study population
had a decent level of knowledge about salt but less satisfactory behavior [21]. A further
gender-specific difference is observed with higher regular sodium consumption in men
compared to women [22]. The current first-line treatment for MASLD patients is lifestyle
change, with weight reduction and the recommendation of a Mediterranean diet [23]. But,
only a few patients show long-term adherence to these recommendations [24,25].

The main focus of this study was to prospectively evaluate salt-intake-related behavior
in a well-characterized cohort of MASLD patients and analyze its association with their
daily salt intake. Gender-specific differences in salt-related behavior were further analyzed,
as regular salt consumption is reported to be higher in men. Specific salt related behavior
could be further addressed in a personalized manner of nutrition recommendations for
MASLD patients to facilitate long-term adherence.
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2. Materials and Methods
2.1. Cohort Characteristics

In this prospective single-center study, 234 patients were included after providing
informed consent from 04/2021-01/2022. The study protocol was implemented in accor-
dance with Good Clinical Practice Guidelines and the Declaration of Helsinki. The study
was reviewed and approved by local Ethics Committee (AZ-188/17-mk). All patients were
>18 years old. MASLD was diagnosed either via controlled attenuation parameter (CAP)
measurement or liver histology. Every MASLD patient included in the study had at least
one cardiometabolic risk factor, as per the defined criteria [2]. Patients with significant alco-
hol consumption (women > 20 g/day and men > 30 g/day) and other concomitant chronic
liver diseases were excluded. Thus, 107 patients had histologically diagnosed MASLD,
and 15 patients underwent liver biopsy without histological diagnosis of MASLD but
with a clinical diagnosis of MASLD. Further, 90 patients were included before undergoing
bariatric surgery.

2.2. Food Frequency Questionnaire

To analyze the usual food consumption of the patient cohort, a self-administered
and semi-quantitative food frequency questionnaire (FFQ) based on the German Health
Examination Survey for Adults 2008-2011 (DEGS) with slight modifications was used [26].
Specifically, in addition to the frequency and portion size of 53 ordinary German food
products, long-term eating behavior was assessed by extending the assessment time. Fur-
thermore, three food products, including pretzels, rolls, or pretzels, canned cold fish, and
smoked salmon, were added for more accurate salt detection. In addition, the FFQ was
supplemented with the question of how often the patient prepares a meal from convenience
foods. Seven questions of the DEGS-FFQ concerning low-fat products, deep-fried meals, or
beverage consumption were removed as they did not fit the purpose of this study.

2.3. Daily Salt Intake

To calculate daily salt intake, the daily consumption of each food in grams per day
was determined using a Healthy Eating Index developed specifically for the DEGS study
(HEI-DEGS1) [27]. Average consumption of one food group was calculated on the basis of
consumption frequency in relation to opportunities per 28 days and portion size of each
product. The procedure for missing responses was adapted to that of the HEI-DEGS1: If
both details for a question (frequency of consumption and portion size) were missing, this
food was considered as “never consumed”. If the portion size information (frequency of
consumption available) was the only missing data, it was substituted with the average
information of the corresponding food for both sexes. The salt content of the individual
food products and dishes was taken from a food table. For this study, “Die Nahrwerttabelle”
was used [28]. It contains the most frequently consumed foods and dishes in Germany,
based on consumption studies. Each salt content per 100 g of ready-to-eat food is listed in
milligrams. To calculate the salt content of each consumed food product in grams per day,
the following equation was used:

daily salt intake by one food product [g/d] = (daily consumption of the food
product [g/d] x it's amount NaCl per 100 g x 1072 [g]) /100 [g]
Beverages were excluded for this analysis as they do not account for a relevant

contribution to salt consumption. To obtain the daily salt intake of each patient, the
calculated salt amounts of the individual food products were added up.

2.4. Salt-Intake-Related behavior

Salt-intake-related behavior of MASLD patients was assessed by adapting questions
from the Italian Salt Literacy Questionnaire of the SINU (Societa Italiana di Nutrizione
Umana) [21]. The questions are self-administered multiple-choice questions about behavior
and knowledge related to salt intake. In this study, 14 SINU questions were used, from
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which a salt index (SI) was calculated. The number of response options was standardized to
3-point Likert scale for this study. Points were assigned from 0 to 2. All questions used and
their scores are listed in Table A1l. For the calculation of the SI, all scores of the individual
salt behavior questions were added up. Finally, a score between 0 and 28 points could be
achieved. The lower the SI, the higher the awareness of salt in the patient’s everyday life.
In addition to the SINU questions, the “Wiirzburg Salt Questionnaire” comprised 5 extra
questions that evaluated the frequency of meal preparation using basic ingredients/fresh
foods or convenience foods for each participant. Additionally, the questionnaire inquired
about the presence of a saltshaker during meals and the frequency of restaurant or cafeteria
visits before and during the COVID-19 pandemic. The corresponding response options
and scores are shown in Table A2.

2.5. Statistical Analysis

To analyze the association between salt-related behavior and the daily salt consump-
tion, the statistical software IBM® SPSS® Statistics, Version 28.0.0.0 (190) for Windows (IBM
Corp.) was used. The Kruskal-Wallis test was performed to analyze differences between
two or more groups of the salt behavior questions. Subsequently, pairwise comparisons
were calculated using the Mann-Whitney-U-test. Finally, to find out which salt behavior
questions have the greatest influence on daily salt intake, a multiple linear regression with
backward selection was performed as the requirements for this multivariate analysis were
met. Pearson’s chi-square test and Fisher—Freeman-Halton exact test were used for the
gender-specific analysis of the data. The listed results include medians with interquartile
ranges (IQRs), mean values with standard deviations, frequencies, and p-values of asymp-
totic significances. A significance level of <0.05 was set. Deviating n-numbers in the results
are due to missing items.

3. Results
3.1. Patient Characteristics

In this prospective study, 234 MASLD patients were included, 56.4% women and
43.6% men. The median age was 55 + 17 years, and BMI was 32.8 + 9.9 kg/m?. MASLD
patients had a high prevalence of arterial hypertension (58.6%), T2DM (37.7%), and dys-
lipidemia (23.0%); 107 patients had histologically confirmed MASLD (82 with MASH and
25 with MAFL); and 127 patients received a clinical diagnosis via CAP measurement. Me-
dian serum ALT was slightly elevated, with 36 & 35 U/L. Further laboratory findings are
depicted in Table 1, including the median CAP value of 320 4= 90 dB/m and stiffness of
6.0 £ 3.7 kPa.

Table 1. Patient characteristics.

Cohort

Sex m/f 102/132

Age in years (median + IQR) 55+ 17
BMI in kg/m? (median + IQR) 32.84+9.9

Disesases

Arterial Hypertension % (1) 58.6 (116)
Diabetes Mellitus Type II % (1) 37.7 (75)
Hyperlipidemia % (1) 23.0 (46)

Hypertriglyceridemia % (1) 5.5 (11)

Coronary Heart Disease % (1) 3.5(7)
Clinical findings in MASLD patients

Diagnosis histological/clinical 107/127
ALT in U/L (median + IQR) 355+ 35
AST in U/L (median + IQR) 30.0 + 18
GGT in U/L (median £ IQR) 441 £+ 66
CAP in dB/m (median + IQR) 320 £ 90
Stiffness in kPa (median + IQR) 6.0+ 3.7
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3.2. Lower Salt Intake and Higher Salt Awareness

The calculated daily salt intake in this cohort of MASLD patients was 6.0 £ 3.8 g/d
(median £ IQR). The daily salt intake was subsequently analyzed together with specific
salt-related behavior. The mean salt index (SI) reflecting the salt-related behavior as the
sum of the 14 single questions was 16 £ 3.5 points (median £ IQR) (range from 0 = high
awareness to 28 = low awareness). To examine SI in relation to daily salt intake, the cohort
was divided into two groups. The threshold between the two groups was selected based
on the median daily salt intake in our cohort of 6 g/d. As shown in Figure 1, patients with
lower daily salt intake also had significantly lower SI values (p < 0.001, t-test) and, thus,
showed higher awareness of salt in daily life. Daily salt intake in the group of patients with
<6 g/d ranged from 1.1 g/d to 6 g/d (mean £ SD: 4.2 & 1.2 g/d), while in the group of
patients with >6 g/d, it ranged from 6 g/d to 28 g/d (mean 4= SD: 9.7 = 4.3 g/d).

30+

N
<

-
o
1

Salt index (SI)

< 6'gld > 6'gld
n=108 n=110
daily salt intake

Figure 1. Boxplots of SI in the total cohort of MASLD patients stratified by daily salt intake (<6 g/d
and >6 g/d). *** = p < 0.001.

Given that daily salt intake can vary across one’s lifetime, we conducted an analysis
of daily salt intake in relation to age. No correlation was detected between daily salt intake
and age (Spearman’s Rho = —0.037, p = 0.577). However, a minor negative correlation
between age and SI, signifying increasing salt awareness with age, was evident (Spearman’s
Rho = —0.189, p = 0.005). To investigate the age-dependent effects further, we divided the
cohort into two groups based on the median age of 55 years within our cohort. Patients
aged > 55 years exhibited a lower median SI of 16 compared to their younger counterparts
(<55 years, median SI = 17) (Appendix A Figure Al).

3.3. Specific Salt-Intake-Related Behavioral Patterns and Low Salt Intake

Further analysis of the single questions for the salt index (SI) addressing specific
salt-intake-related behavior was performed. Figure 2 presents the mean & SD of responses
on the Likert scale for each question related to salt-intake-related behavior. A gender-
specific analysis of these data is shown in Figure A2. To perform a statistical analysis,
a Kruskal-Wallis test was used, comparing daily salt intake with the responses to the
questions about salt-intake-related behavior. The following behavioral patterns were
significantly associated with daily salt intake: considering salt information on nutrition
tables (p = 0.004), no addition of salt during cooking (p = 0.009), using spices instead of
salt (p = 0.022), checking salt content on nutrition tables (p = 0.023), avoiding eating out
(p = 0.018), avoiding consumption of salty products (p = 0.028), and salty taste of food
out of home (p = 0.030). In contrast, no significant association with daily salt intake was
observed for the following behavioral questions: estimated daily salt intake (p = 0.183),
salting during meal preparation (p = 0.415), addition of salt at the table (p = 0.457), buying
lower-salt alternative products (p = 0.233), thirsting after meals (p = 0.711), using iodized salt
(p = 0.754), and asking for low-salt alternatives (p = 0.253). The analysis of the “Wiirzburg
Salt Questionnaire” is depicted in Figure 3, showing the mean =+ SD of responses on the
Likert scale for each question. To conduct the statistical analysis, a Kruskal-Wallis test was
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once again used to compare daily salt intake with the responses to the “Wiirzburg Salt
Questionnaire”. The statistical analysis revealed a significant association between daily
salt intake and the consumption of convenience foods (p = 0.001). This association was
also seen with eating away from home, e.g., in restaurants or cafeterias, before (p = 0.001)
and during the COVID-19 pandemic (p < 0.001). There was no significant association with
patients’ salt intake when asked about the frequency of cooking with whole/fresh foods
(p = 0.638) and when asked about the saltshaker at the table during a meal (p = 0.437). The
summary of the results of the “Wiirzburg Salt Questionnaire” can be found in Table A2.

B > 6g/d salt intake
DO < 6g/d salt intake

Considering

Buying lower-salt |4 | sy | saltinformation |4 —a—
alternative on nutrition
products . L — — tables 1 —a—
Checking salt 1 P Salting during H —a—
content on meal

it — | — i ¥ —a—
nutrition tables preparation

. T—— s
Addition of salt Thirst after
at the table 4= meals H ——a—

iti 4 —a— —0—
Addition of salt Salty taste of
during cooking i ¢ = ) food out of home |} —a—

i i 1 P " . e

Using spices Estimated daily
instead of salt  —_— salt intake i —_—

Py b —a— P
Avoiding Use of iodized
eating out i & | salt 45 4

. - —a— Avoiding - —a—
Alsklng (or low-salt consumption of
alternatives - —a— salty products . —a—

T T T L}
Q N a9 Q N 9
Aways or Never or Always or Never or
high salt awareness low salt awareness high salt awareness low salt awareness

Figure 2. Mean + SD are shown for each salt-intake-related behavior question for the group with
high (>6 g/d, n = 114) and low (<6 g/d, n = 120) daily salt intake.

m > 6g/d salt intake
0O < 6g/d salt intake

Eating outside of = T
home during the
Corona pandemic —8—

Eating outside of 4 —a—
home before the .
Corona pandemic = 1
Salt shaker at the = '
table during meal = J
. —a—
Consumption of
convenience foods = |
Cooking with & |
whole/fresh foods H—8—
) )
Q N v
Never Daily or always

Figure 3. Mean =+ SD are depicted for each item of the “Wiirzburg salt questionnaire” for the group
with high (>6 g/d, n = 114) and low (<6 g/d, n = 120) daily salt intake.

3.4. Multivariate Analysis—The Influence of Salt-Specific Salt-intake-related behavior on

Salt Intake

After the analysis of single salt questions in relation to daily salt intake, a multivariate
model was created to determine which salt behavior questions have the greatest influence
on salt intake. The salt-intake-related behavior questions and the “Wiirzburg salt ques-
tionnaire” were analyzed together. For our research question, a multiple linear regression
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model including 208 patients” data with backward selection was used, which was statis-
tically significant ((F(6, 201) = 7.59, p < 0.001), with an R? of 0.185 (corrected R? = 0.160)).
All 19 salt questions were included in the analysis, and after selection (pout(.10)), as ap-
propriate, the final model contained six salt questions: consumption of convenience foods,
considering salt information on nutrition tables, salty taste of food out of home, use of
iodized salt, salting during meal preparation, and eating outside of home (restaurants or
cafeterias) during the COVID-19 pandemic. Four questions represented significant factors
influencing the prediction of daily salt consumption in grams per day: consumption of
convenience foods (b = 0.867; CI 0.183-1.551; p = 0.013), considering salt information on
nutrition tables (b = 0.977; CI 0.247-1.707; p = 0.009), salting during meal preparation
(b = 0.504; CI 0.007-1.001; p = 0.047), and eating outside of home (restaurants or canteens)
during the COVID-19 pandemic (b = 1.017; C1 0.298-1.735; p = 0.006). The questions about
the salty taste of food out of home (p = 0.084) and use of iodized salt (p = 0.097) did not
contribute significantly to the model (Table 2).

Table 2. Results of the multiple linear regression, and the influence of salt questions on salt consumption.

Dependent Variable: Daily Salt Intake [g/d]

. 95% CI
Coefficients b SE B T L UL P S
(Constant) 1.837  0.972 1890 —0.079 3.753  0.060
Consumption of convenience foods 0867 0347 0166 2499 0183 1551  0.013 *
Considering salt information on nutrition tables 0977 0370 0173 2639 0247 1707  0.009 *
Salty taste of food out of home 1228 0707 0115 1736 —0.167 2622  0.084
Use of iodized salt 0485 0291 0112 1.669 —0.088 1.059  0.097
Salting during meal preparation 0504 0252 0135 1999 0.007 1.001  0.047 *
Eating outside of home (restaurants or canteens) during 1017 0364 0190 2791 0298 1735  0.006 .

the COVID-19 pandemic

b = regression coefficient, SE = standard error, 3 = standardized coefficient, T = T-value, 95% KI = Confidence
interval with lower and upper limit, p = significance value, S = significance for * p < 0.05, ** p < 0.01.

3.5. Gender-Specific Differences in Salt Consumption and Salt-Intake-Related Behavior

Our study focused on gender-specific differences in salt consumption and salt-intake-
related behavior. In this cohort, slightly more women than men were included (56.4% women
and 43.6% men). Women had significantly higher BMI compared to men (35.0 = 12.1 kg/m?
vs. 30.5 & 8.2 kg/m?, p = 0.001). Non-invasive liver stiffness measurements via Fibroscan
and liver fat quantification via CAP were higher in men (men: 6.8 = 4.0 kPa vs. women:
5.7 £ 42 kPa, p =0.019; men: 329 + 93 dB/m vs. women: 313 £ 100 dB/m vs., p = 0.039).

Furthermore, men had higher daily salt intake 7.3 &= 4.8 g/d compared to women
(5.3 +£3.5g/d, (p < 0.001); Figure 4A). According to the daily salt intake, men showed
higher SI scores compared to women, reflecting a lower awareness of salt-intake-related be-
havior in everyday life (p < 0.001) (Figure 4B). A comprehensive analysis of gender-specific
salt-intake-related behavior in conjunction with daily salt intake revealed a significant
difference, indicating higher SI (meaning lower salt awareness) in men in both the high
(>6 g/d) and low (<6 g/d) daily salt intake groups compared to women (Figure 4C). Only
in women was the difference regarding SI between high and low daily salt intake groups
statistically significant (Figure 4C).
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Figure 4. Gender-specific differences in daily salt intake and salt-intake-related behavior: (A) gender-
specific daily salt intake shown as bars with median & IQR. (B) Boxplots of salt index in men and
women; (C) boxplots of salt index in men and women with low and high daily salt intake (<6 g/d,
>6 g/d). *** p < 0.001, * p < 0.05.

In our cohort, women showed different salt-intake-related behavior than men. Specif-
ically, women reported that they read the salt content on nutrition tables more often
(p =0.002), used spices instead of salt (p = 0.004), and avoided eating out (p = 0.002),
whereas men more frequently used salt in cooking (p = 0.005) or salt at the table (p = 0.016).
Regarding the Wiirzburg salt questions, women more often reported that they cooked with
whole/fresh foods (p = 0.005), whereas men showed a higher frequency in the preparation
of convenience foods (p < 0.001) and the frequency of restaurant visits before (p < 0.001) and
during (p < 0.001) the COVID-19 pandemic. No gender difference could be found when
asked about the saltshaker at the table during a meal.

4. Discussion

The Western diet is characterized by its high salt content and the prevalence of highly
processed foods. The consumption of such highly processed foods and adherence to a
Western-type diet are significant risk factors contributing to the pathogenesis of MASLD.
Growing evidence indicates that patients with MASLD are at substantial risk for the
development of hypertension, coronary heart disease, and cardiac arrhythmias, which
clinically result in increased cardiovascular morbidity and mortality [29]. High salt intake
is associated with hypertension and risk for cardiovascular diseases, but its role in the
prevention or treatment of MASLD is not known. As lifestyle changes are the primary
therapeutic goal in MASLD patients and adherence to these goals is difficult to achieve,
nutritional behavior has a major impact on the treatment of these patients.

In this study, daily salt intake together with salt-intake-related behavior were analyzed
in a cohort of obese MASLD patients. Increased daily salt intake was linked to reduced
awareness of salt consumption in everyday life. In a multivariate linear regression model,
eating away from home, considering salt information on nutrition tables, consumption of
convenience foods, and salting during meal preparation had the highest impact on daily
salt intake. Sex-specific differences were observed, with higher daily salt intake in men
compared to women, together with lower salt-intake-related behavior in men.

Daily salt intake with 6.0 g/d in our cohort (men 7.3 + 4.8 g/d compared to women
5.3 &+ 3.5 g/d) was lower than estimated in the general German Health Interview and
Examination Survey for Adults (DEGS; first wave DEGS1 2008-2011), with 10.4 g/d in
men and 9.2 g/d in women in the age group of 50-59 years [30]. In the DEGS study, daily
salt intake exceeded 10 g/day for almost 50% of men and 40% of women [31]. However,
it is important to note that the assessment of daily salt intake differed between the DEGS
study and our cohort. In the DEGS study, salt intake was estimated using urinary sodium
excretion (spot urine), and it was assumed that renal sodium excretion was equivalent to
salt intake. In contrast, our study calculated sodium intake based on a comprehensive
FFQ, which may have led to observed differences due to the potential under-reporting
of salt intake within our patient cohort. These differences are in line with the significant
lower estimated daily salt intake of 8.7 g/d for men and 6.3 g/d for women in a German
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national consumption study (Nationale Verzehrstudie II) based on diet history interviews
or 24 h dietary recalls [32]. The daily salt intake observed within our MASLD patient cohort
surpassed the WHO-recommended cut off (<5 g/day) [33]. The German Nutrition Society
(Deutsche Gesellschaft fiir Erndhrung e.V., DGE) offers an approximate value for salt intake
in Germany of up to 6 g of table salt per day [30]. The median salt consumption identified
in our study was 6 g/d, which is the upper limit of DGE’s suggested salt intake, but men
are still above this limit compared to women.

Specific salt-intake-related behaviors were found to correlate with the detected daily
salt intake in our cohort. The individual salt index (SI) was calculated based on the be-
havioral questions. Men exhibited higher daily salt intake and SI scores compared to
women, indicating a greater consumption of salt and lower awareness of salt in men.
In the original study using the SINU salt questionnaire, women outperformed men in
both knowledge and behavior categories related to salt, highlighting the gender-specific
aspect of nutritional behavior [21]. When examining specific salt-intake-related behav-
ioral questions, we observed a significant association with lower daily salt intake for the
following aspects: considering salt information on nutrition tables, salting during meal
preparation, using spices instead of salt, checking salt content on nutrition tables, avoiding
eating out, avoiding consumption of salty foods, and salty taste of food out of home. In
the Italian analysis of behavioral questions of the SINU salt questionnaire, the majority of
participants reported reducing or avoiding the consumption of salty foods. Additionally,
they mentioned refraining from adding salt while cooking or eating [21]. These statements
align with the specific salt-intake-related behaviors observed in our cohort. Salt awareness
was also assessed in another study using a 68-item, self-administered questionnaire in a
population of 141 individuals in Switzerland, specifically among individuals in a workplace
setting [34]. In a multiple linear regression model exploring the relationship between health
literacy, food literacy, and the variable ‘salt content impacting food /menu choice” with salt
intake, only the variable ‘salt content impacting food /menu choice” showed a significant
association with salt intake, while health literacy and food literacy did not demonstrate
significant associations. Participants indicating that salt content influences their decision to
purchase/choose a food or menu item had a 1.5 g lower daily salt intake [34]. In our cohort,
23 percent of patients reported that they paid attention to the salt content on nutrition tables,
and this statement was also found to be significant in the multivariate analysis of this study.
In a Spanish cross-sectional analysis among children and their parents, “Checking sodium
content on food labels and the use of table salt by the children or father” was associated
with a lower preference for salty foods. In this study, the majority of families (59%) stated
that they never look at the sodium content on food labels [35]. Awareness of salt content
on food and nutrition labels appears to be a crucial indicator of high salt-intake-related
behavior, but it is only practiced by a minority of the analyzed populations.

In our cohort, we observed sex-specific differences not only in daily salt intake but
also in salt-intake-related behavior, with men showing higher daily salt intake and lower
salt awareness compared to women. Women are reported to have a 9-11% lower salt
intake worldwide, which is suggested to be associated with their lower calorie intake [36].
In NHANES data, an age—gender interaction for adding table salt suggests that younger
women (<30 years) tend to add salt more frequently than men, but after age 30, men
more often add salt compared to women [36]. In our cohort, we also observed an age-
dependent effect on salt-related behavior, indicating higher salt awareness with increasing
age. However, this effect was not reflected in daily salt intake. In addition to the awareness
of salt-intake-related behavior, an Australian survey identified another factor contributing
to the emergence of the gender difference. This survey, which included 530 participants,
revealed that female participants had lower levels of salt taste beliefs, and these beliefs
had the strongest positive association with salt use [37]. Sex-specific differences in salt-
intake-related behavior are observed worldwide and seem to be associated with age and
salt tase beliefs.
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There are certain limitations in our study that should be acknowledged. The daily salt
intake was calculated using a detailed FFQ, but no measurements of sodium in 24 h urine
collections were taken. As a result, intake-related bias must be considered when interpreting
and comparing our data. Our analysis is based on a cohort of MASLD patients without a
comparative analysis of a matched cohort of healthy obese people without steatotic liver
disease. Consequently, the presented findings concentrate on variations in salt-related
behavior and gender-specific distinctions within the MASLD patient cohort, without
drawing comparisons to healthy controls. Additionally, our patient cohort originates from
a tertiary center with specific patient selection. Larger multicentric cohort studies are
suggested to validate these findings.

WHO Member States have agreed to reduce the global population’s intake of salt
by a relative 30% by 2025, as reducing salt intake has been identified as one of the most
cost-effective measures countries can take to improve population health outcomes [33]. The
WHO's country support package for the European region aims to accelerate salt reduction
efforts and encompasses specific objectives, including raising population awareness about
salt intake, empowering the public with actionable knowledge, and providing targeted
assistance for reducing salt consumption [38]. To attain these objectives, it is essential to
explore personalized and gender-specific nutritional approaches that can effectively drive
behavioral changes in patients.

To conclude, our study demonstrates a robust association between daily salt intake
and salt-intake-related behavior, highlighting sex-specific differences within an MASLD
cohort of obese patients. Sex-specific behavioral nutrition patterns should be validated and
analyzed in future studies to be considered for individualized nutritional treatment, which
remains the first-line approach for managing MASLD patients. Given that cardiovascular
diseases are the leading cause of mortality within this patient population, it is crucial to
utilize all available strategies to promote adherence to lifestyle modifications. Therefore, it is
essential to explore various avenues for improving patient care, including the incorporation
of tailored behavioral approaches to enhance adherence to these lifestyle changes.
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Appendix A

Table Al. Salt-related behavior questions, their scores, and the frequencies of the answer options.

Deviating n-numbers in the results are due to missing items.

Salt-Intake-Related Behavior Questions Score N (%) N (%)
Daily salt intake <6g/d >6g/d
Does the information about salt quantity reported on nutrition tables affect your food N =120 N =113
choices when grocery shopping? - -
- Never 2 85 (70.8) 94 (83.2)
- Sometimes 1 29 (24.2) 17 (15.0)
- Always 0 6 (5.0) 2 (1.8)
When you cook/eat a meal, you add salt: N =119 N =114
- both while cooking and at the table 2 17 (14.3) 19 (16.7)
- only during preparation/only at the table 1 91 (76.5) 91 (79.8)
- neither during preparation nor at the table 0 11 (9.2) 4 (3.5)
Are you thirsty after meals? N =120 N=114
- Always 2 9(7.5) 14 (12.3)
- Sometimes 1 71 (59.2) 66 (57.9)
- Never 0 40 (33.3) 34 (29.8)
When eating away from home to me food tastes: N =117 N =112
- Flavorless 2 0(0) 1(0.9)
- Normal 1 106 (90.6) 107 (95.5)
- Salty 0 11 (9.4) 4 (3.6)
In conclusion, in your opinion, how much is your daily salt intake?
Taking into account the foods you buy and the ones you personally cook (including the salt N =118 N=113
added during preparation and/or after cooking)?
~more than 20 g 2 29 (24.6)  44(38.9)
-between 10 and 20 g
-between5and 10 g 1 69 (58.5) 55 (48.7)
-less than5 g 0 20 (16.9) 14 (12.4)
Do you usually use iodized salt for seasoning or cooking? N =119 N=114
- Never 2 11 (9.2) 11 (9.6)
- Sometimes 1 21 (17.7) 23 (20.2)
- Always 0 87 (73.1) 80 (70.2)
I avoid eating, or I reduce the consumption of products rich in salt N =119 N=114
- Never 2 34 (28.6) 44 (38.6)
- Sometimes 1 57 (47.9) 55 (48.2)
- Always 0 28 (23.5) 15 (13.2)
I buy alternative products, with a low salt content N =118 N=114
- Never 2 65 (55.1) 69 (60.5)
- Sometimes 1 46 (39.0) 41 (36.0)
- Always 0 7 (5.9) 4 (3.5)
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Table A1. Cont.

Salt-Intake-Related Behavior Questions Score N (%) N (%)
I read the salt content on the nutrition tables N =120 N=114
- Never 2 78 (65.0) 86 (75.4)
- Sometimes 1 35(29.2) 25 (21.9)
- Always 0 7 (5.8) 3(2.6)
Salt at the table N =116 N=113
- I always add salt at the table. 2 2(1.7) 3(2.7)
- I add salt at the table sometimes. 1 23 (19.8) 25 (22.1)
-T'add no, or very little salt at the table. 0 91 (78.4) 85 (75.2)
Salt while cooking N =118 N=114
- I always add salt while cooking. 2 44 (37.3) 60 (52.6)
- I'add salt while cooking sometimes. 1 42 (35.6) 41 (36.0)
- I don’t add salt while cooking (or only very little) 0 32 (27.1) 13 (11.4)
I use spices instead of salt in cuisine N=118 N=113
- Never 2 11 (9.3) 25 (22.1)
- Sometimes 1 77 (65.6) 72 (63.7)
- Always 0 30 (25.4) 16 (14.2)
I avoid going out to eat out too often N=118 N=114
- Never 2 18 (15.3) 23 (20.2)
- Sometimes 1 68 (57.6) 69 (60.5)
- Always 0 32(27.1) 22 (19.3)
If I eat out, I ask for low-salt options N =117 N=113
- Never 2 104 (88.9) 105 (92.9)
- Sometimes 1 11 (9.4) 7(6.2)
- Always 0 2(1.7) 1(0.9)
Table A2. “Wiirzburg Salt Questionnaire”, their scores, and the frequencies of the answer options.
Deviating n-numbers in the results are due to missing items.
Wiirzburg Salt Questionnaire Score N (%) N (%)
Daily salt intake <6g/d >6g/d
How often a week do you prepare a hot meal (Iunch or dinner) yourself from basic N =120 N =114
ingredients/fresh foods? a -
-~ Daily 0 80 (66.7) 69 (60.5)
- 5-6 times per week
374 times per week 1 38(31.6) 39 (34.2)
- 1-2 times per week
- Never 2 2(1.7) 6 (5.3)
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Table A2. Cont.

Wiirzburg Salt Questionnaire Score N (%) N (%)
How often a week do you prepare a hot meal (lunch or dinner) yourself from convenience N =119 N=114
foods?
- Daily 2 1(0.8) 3(2.6)
- 5-6 times per week
- 3—4 times per week 1 49 (41.2) 72 (63.2)
- 1-2 times per week
- Never 0 69 (58.0) 39 (34.2)
Do you have a saltshaker at your table when you eat a meal? N =120 N=114
- Always 2 9(7.5) 8(7.0)
- Sometimes 1 33 (27.5) 41 (36.0)
- Never 0 78 (65.0) 65 (57.0)
How many times a week did you eat away from home (e.g., restaurant, canteen) before the N =119 N=113
COVID-19 pandemic? - -
- Daily 2 2(1.7) 6 (5.3)
- 5-6 times per week
- 3—4 times per week 1 52 (43.7) 71 (62.8)
- 1-2 times per week
- Never 0 65 (54.6) 36 (31.9)
How many times a week now, during the COVID-19 pandemic, do you eat away from
. ) N =119 N=113
home (e.g., delivery/pickup, restaurant/canteen)?
- Daily 2 0(0) 2(1.8)
- 5-6 times per week
- 3—4 times per week 1 32(26.9) 56 (49.5)
- 1-2 times per week
- Never 0 87 (73.1) 55 (48.7)
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Figure Al. Boxplots of SI in the total cohort of MASLD patients stratified by age (<55 years and

>55 years). ** = p < 0.01.
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Figure A2. Gender-specific analysis of salt-related behavior questions. Mean =+ SD are shown for
each salt-intake-related behavior question for the group with high (>6 g/d, n = 114) and low (<6 g/d,
n = 120) daily salt intake and further separated by gender.
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Abstract: Obesity has been linked to the gut microbiome, epigenome, and diet, yet these factors have
not been studied together during obesity treatment. Our objective was to evaluate associations among
gut microbiota (MB), DNA methylation (DN Ame), and diet prior to and during a behavioral weight
loss intervention. Adults (1 = 47, age 40.9 + 9.7 years, body mass index (BMI) 33.5 + 4.5 kg/m?,
77% female) with data collected at baseline (BL) and 3 months (3 m) were included. Fecal MB was
assessed via 16S sequencing and whole blood DNAme via the Infinium EPIC array. Food group
and nutrient intakes and Healthy Eating Index (HEI) scores were calculated from 7-day diet records.
Linear models were used to test for the effect of taxa relative abundance on DNAme and diet cross-
sectionally at each time point, adjusting for confounders and a false discovery rate of 5%. Mean
weight loss was 6.2 & 3.9% at 3 m. At BL, one MB taxon, Ruminiclostridium, was associated with
DNAme of the genes COL20A1 (r = 0.651, p = 0.029), COL18A1 (r = 0.578, p = 0.044), and NT5E
(r=10.365, p = 0.043). At 3 m, there were 14 unique MB:DNAme associations, such as Akkermansia with
DNAme of GUSB (r = —0.585, p = 0.003), CRYLI (r = —0.419, p = 0.007), C9 (r = —0.439, p = 0.019), and
GMDS (r = —0.559, p = 0.046). Among taxa associated with DNAme, no significant relationships were
seen with dietary intakes of relevant nutrients, food groups, or HEI scores. Our findings indicate
that microbes linked to mucin degradation, short-chain fatty acid production, and body weight
are associated with DN Ame of phenotypically relevant genes. These relationships offer an initial
understanding of the possible routes by which alterations in gut MB may influence metabolism
during weight loss.

Keywords: DNA methylation; epigenetics; gut microbiome; diet; lifestyle; obesity
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1. Introduction

Modifiable factors, such as diet and physical activity patterns, influence both pre-
vention and treatment of obesity and its sequalae. However, underlying mechanisms by
which lifestyle affects weight status are complex. Potential etiologic pathways in obesity
development may include changes in gene expression due to environmentally induced
epigenetic modifications that lead to reprogramming of endocrine or metabolic regulator
circuits [1,2]. DNA methylation (DNAme) profiles also change in response to lifestyle
interventions, suggesting that alterations in nutrition or exercise may favorably modulate
gene activity to improve phenotypes during obesity treatment [3]. In addition, the gut
microbiota (MB) is involved in several physiological functions that maintain metabolic
homeostasis, including mechanisms involving energy balance, inflammation, and appetite
regulation [4]. Compositional and functional changes in the MB through environmental
or lifestyle exposures, such as diet may, therefore, impact the development of obesity and
cardiometabolic disease [5-9]. There is evidence to suggest that the gut MB may contribute
towards weight loss, indicating that the gut MB may serve as useful therapeutic target for
obesity management [10,11].

While the gut MB and epigenome may independently act to influence weight and
other indicators of health in response to lifestyle, little is known about the interplay between
them [12]. It is possible that microbes may themselves contribute to weight regulation
through direct interaction with host cells to influence metabolism or through microbial
signaling that influences other metabolic factors [13]. It has also been proposed that circu-
lating metabolites may not only lead to beneficial metabolic effects but could also provide
a link between the gut MB and epigenetic changes [14-17]. However, this relationship
is poorly understood, with few primary research articles investigating the relationship
between these two measures and limited mechanistic understanding of microbiota-host
epigenome interactions [15,16].

Though previous literature suggests both the gut MB and epigenome are responsive
to changes in lifestyle, these factors have not been considered together in the context of a
behavioral weight loss intervention. Thus, the primary objective of the present study was
to evaluate associations among the gut MB and DN Ame prior to and during a behavioral
weight loss intervention, with a secondary objective to evaluate the relationship between
these measures, as well as a targeted plasma metabolomics panel and diet. We hypothesized
that DNAme of genes within metabolically relevant pathways would be associated with
MB composition and that these taxa would be responsive to changes in dietary intakes
within 3 months of initiating a behavioral weight loss intervention. Evaluation of these
relationships will aid in hypothesis generation for follow-up studies investigating how the
gut MB influences metabolism during weight loss.

2. Materials and Methods
2.1. Participants and Study Design

Participants in this ancillary study were healthy individuals with overweight or
obesity (age 18-55 years, BMI 27-45 kg/m?) enrolled in a randomized controlled trial
(NCT03411356) comparing weight loss generated by daily caloric restriction (DCR) or
intermittent fasting (IMF) during a one-year behavioral weight loss intervention. All
participants were provided comprehensive behavioral support, encouraged to reduce
calorie intake by ~34% per week from baseline estimated energy requirements, and increase
physical activity to 300 min of moderate-to-vigorous activity per week. Stool samples,
whole blood, clinical, and dietary intake data were collected at in-person assessments, and
individuals from both arms of the first two of five cohorts of enrolled participants (starting
April 2018 through February 2019) who had complete biospecimen collection at baseline
and an early intervention time point of 3 months and agreed to optional ancillary studies
were included in the present study. All study procedures were reviewed and approved
by the Colorado Multiple Institutional Review Board, and individuals provided written,
informed consent. Additional details regarding study procedures have been previously
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published [11,18,19]. Forty-seven participants provided viable stool and blood samples
after data quality control (Figure 1).

Gut Microbiota (Gut MB) DNA Methylation (DNAme)
Data Data

Stool 16S rRNA sequencing Whole blood DNAme via Illumina EPIC 850K
n=>2 n=62
92 microbial taxa present in >50% of samples p=739,397 CpGs pass quality control
Abundances centered log-ratio transformed DNAme M-values used for modeling

b i

Integrated Gut MB + DNAme Analysis

Remove samples = 3 SD from mean of top two PCs in each dataset
n=47

v

Outlying values = 3 SD from mean removed

¢

Cross-sectional model at BL and 3m: DNAme ~ taxon abundance + age + sex + BL BMI + predicted cell
proportions + 2 genetic PCs

' 4

Subset of CpGs in 130 metabolically-relevant
All CpGs KEGG pathways
Baseline 3m Baseline 3m
0 associations 2 associations 3 associations 14 associations

¢ ‘

Integrated Gut MB + Diet Analysis

Complete diet data (nutrients, food groups, HEI)

n=40
Baseline 3m Change
0 associations] [2 associations 2 associations|

Figure 1. Flow diagram displaying data analysis for n = 47 individuals, created with BioRender.com.
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2.2. Data Collection
2.2.1. Clinical Assessments and Anthropometrics

Individuals attended assessment visits at baseline and 3 months. Prior to visits,
participants were asked to fast for at least 12 h. Anthropometry measures, including
weight and waist circumference, clinical assessments, including systolic blood pressure and
diastolic blood pressure, blood collection and processing, and cardiometabolic assays were
completed according to standard protocols by trained research personnel at the University
of Colorado Anschutz Health and Wellness Center (AHWC) and the University of Colorado
Clinical and Translational Research Center (CTRC). Weight was obtained using a digital
scale accurate to 0.1 kg, and height measured with a fixed stadiometer to the nearest 1 mm
at baseline only. Waist circumference was measured in duplicate to the nearest 1 mm
using a tape measure at the top of the iliac crest, and the average was recorded. Blood
pressure was measured using a manual sphygmomanometer using the average of two
seated values taken after five minutes of rest. Participants self-collected stool at home
using the Alpco EasySampler® Stool Collection Kit (ALPCO Diagnostics, Salem, NH, USA)
and provided samples to study staff at clinic visits. Briefly, ~1-2 g of stool were collected,
sterilely transferred to provided collection tubes, and stored at —20 °C in home freezers
prior to transfer to the clinic on ice packs within one week of collection at baseline and
3 months. Whole blood and stool samples were stored at —80 °C until subsequent analysis
for DNAme and gut MB sequencing, respectively.

2.2.2. DNA Methylation and Data Pre-Processing

Genomic DNA was isolated from whole blood samples using the commercially avail-
able PureLink Genomic DNA Kit (Invitrogen, Carlsbad, CA, USA). Quality was assessed
via a NanoDrop 2000/2000c spectrophotometer (ThermoFisher Scientific, Grand Island, NY,
USA) and concentrations were measured by a Qubit Fluorometer 2.0 (Invitrogen, Carlsbad,
CA, USA). DNAme was assessed via the Illumina Infinium Human Methylation EPIC
BeadChip Array (EPIC 850K) at the University of Colorado Anschutz Medical Campus
Genomics and Microarray Core. DNA samples were bisulfite converted using the EZ DNA
Methylation Kit (Zymo Research, Irvine, CA, USA) and used as inputs for the EPIC 850K
array. Positive and negative controls from each conversion assay were included, and data
were visualized using GenomeStudio Software (Illumina, Inc., San Diego, CA, USA).

Array data were pre-processed and normalized using the SeSSAMe R package [20].
After removing cross-hybridizing probes, probes overlying SNPs with minor allele fre-
quency >1% in the general population [21], and probes that failed across multiple samples
with an average detection p-value > 0.05, a total of 739,397 cytosine-phosphate—guanine
dinucleotide (CpG) probes remained for analysis. Cell type frequencies (percentage of CD8
T cells, CD4 T cells, NK cells, B cells, monocytes, and neutrophils) were estimated using
estimateCellCounts with the [lluminaHumanMethylationEPIC reference panel in the minfi
R package [22].

All CpGs from the 850K array that passed quality control were included in subsequent
analyses. In addition, a sensitivity analysis using only CpGs within genes mapped to
130 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in metabolism
(e.g., lipid and carbohydrate metabolism), organismal systems (e.g., digestive, endocrine,
and immune systems), and human diseases (e.g., metabolic disease, cardiovascular disease)
and, therefore, deemed highly relevant to overweight and obesity, was also completed
(Table S1). This resulted in 82,889 CpG probes included in the sensitivity analyses. Array
fluorescent intensities were transformed into M-values for statistical analysis [23].

2.2.3. Microbiome Sequencing and Pre-Processing

Stool samples were thawed from —80 °C on ice and homogenized using the Roche
MagNA Lyser (Roche, Inc., Basel, Switzerland) and DNA was extracted using the Qi-
aAmp PowerFecal DNA kit (Qiagen, Hilden, Germany). To assess bacterial composition,
amplification and sequence analysis of 165 rRNA genes was conducted as previously
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described [24,25]. Amplicons were generated using primers targeting base pairs within
the V3V4 variable region of the 165 rRNA gene. PCR products were normalized using a
SequalPrep™ kit (Invitrogen, Carlsbad, CA, USA), pooled, lyophilized, and then purified
and concentrated using the DNA Clean and Concentrator Kit (Zymo, Irvine, CA, USA).
The Qubit Fluorometer 2.0 was used to quantify pooled amplicons prior to sequencing. In
brief, the amplicon pool was diluted to 4 nM and denatured using 0.2 N NaOH at room
temperature. Denatured DNA was diluted to 15 pM and spiked with 25% Illumina PhiX
control DNA prior to performing paired-end sequencing using the MiSeq platform (version
2.4) with a 600-cycle version 3 reagent kit.

All reads were quality filtered and trimmed to a uniform length using the average
position of the first low-quality base pair among all samples using Qiime2 software version
2019.10 [26]. The data were de-noised using DADA2 under default parameters [27], and
quality-filtered sequences were inserted into the SILVA 12.8 taxonomic database [28] using
the SATé-enabled phylogenetic placement (SEPP) technique [29]. Analyses were standard-
ized at 3407 sequences per sample. Microbe abundances were center log-ratio transformed,
and after quality control to remove taxa present in <50% of samples, 92 genus-level taxa
were retained for analysis.

2.2.4. Dietary Intake Assessment and Data Pre-Processing

Participants completed 7-day diet records at baseline and 3 months. Individuals were
asked to record all foods and beverages consumed each day, including detail on brand
names, preparation, cooking methods, and portion sizes in household measurements. Diet
records were analyzed by trained registered dietitian nutritionists (RDNs) at the Colorado
Clinical and Translational Sciences Institute (CCTSI) Nutrition Core using the Nutrition
Data System for Research (NDSR) nutrient analysis software versions 2018 and 2019 to
align with year of data collection, developed by the Nutrition Coordinating Center (NCC)
at the University of Minnesota, Minneapolis, MD, USA.

Daily intake of energy, macronutrients, fiber, micronutrients, and NCC food group
serving counts were exported from NDSR to calculate mean intakes over seven days
at each time point. Individual food subgroups (e.g., citrus juice, fruit excluding citrus
fruit) were further collapsed into food groups (e.g., fruit) based upon NCC food group
serving count subgroup IDs. Nutrient and food group data were used to calculate Healthy
Eating Index (HEI) total and component scores using all seven days of intake for each
time point using published methods for the simple HEI scoring algorithm and publicly
available SAS code [30]. Briefly, the HEI measures adherence to the US Dietary Guidelines
for Americans, and total scores represent energy adjusted intakes of key food groups for
adequacy (9 components) and moderation (4 components). Total scores range from 0-100,
with higher scores reflective of greater adherence to dietary guidelines and higher diet
quality [30].

For subsequent modeling, dietary variables were retained only for those with nonzero
values among >50% participants at both baseline and 3 months. This resulted in 169
nutrients, 29 individual food subgroups, 20 collapsed food groups, and all measures of diet
quality (HEI total and 13 HEI component scores) for analysis. Dietary variables included in
the analyses are presented in Table S2.

2.2.5. Plasma Targeted Metabolomics

Plasma samples obtained at clinic visits were assessed for a targeted panel of betaine,
choline, carnitine, and trimethylamine oxide (TMAO) using liquid chromatography/mass
spectroscopy (LC/MS) by the Mayo Clinic Metabolomics Core using previously published
methods [31,32]. Plasma was spiked with D9-isotopes of internal standards prior to a
cold methanol crash to remove proteins. The supernatant was dried and resuspended in
running buffer for separation using a Grace Altima HP HILIC column (150 mm X 2.1 mm
x 5 um) on a Cohesive TX2 LC system (Franklin, MA). Samples were then introduced into
a Sciex 6500 triple quadrupole mass spectrometer (Framingham, MA, USA) via electrospray
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ionization. Data acquisition was performed using selective ion monitoring mode, and
concentrations of each analyte were determined using an 8-point standard curve for each
respective analyte.

2.3. Statistical Analysis

Changes in indicators of health from baseline to 3 months were assessed via paired ¢-
tests. Due to heteroscedasticity, laboratory measures were log-transformed prior to analysis.
A two-step analysis process was used to assess associations between gut MB, DNAme, and
dietary intakes (Figure 1). First, we tested the effect of MB taxa on DN Ame cross-sectionally
at baseline and 3 months. After removing samples with values >3 standard deviations
from the mean for each feature, a linear model was fitted to test for the effect of individual
MB taxa abundance on DNAme of all CpGs passing quality control while adjusting for age,
sex, baseline BMI, predicted cell proportions, and two genetic principal components. This
same analysis was completed for a subset of CpGs present in genes within metabolically
relevant KEGG pathways as described above. Next, a linear model was fitted to test for
the association between significant taxa from MB:DNAme analyses and dietary intake for
each type of diet data separately (nutrients, food groups, diet quality) cross-sectionally at
baseline and 3 months, as well as longitudinally over this time period. DN Ame probes,
MB taxa, and diet variables identified as significant in these analyses were further assessed
for associations with plasma metabolites cross-sectionally at baseline and 3 months while
adjusting for relevant covariates. All analyses were adjusted for multiple testing using
the Benjamini-Hochberg false discovery rate (FDR) with a threshold for significance of
0.05 [33].

3. Results
3.1. Participant Demographic and Clinical Characteristics

Participants in this study (n = 47) were primarily non-Hispanic White females with a
mean age of 40.9 & 9.7 years (Table 1). At baseline, mean BMI was 33.5 + 4.5 kg/m?, and
individuals achieved significant weight loss on average, with the mean BMI decreasing by
2.1 + 1.4 kg/m? and waist circumference by nearly 9 cm (—8.5 + 6.0 cm) at 3 months (both
p <0.001). Similar improvements were noted for plasma indicators of cardiometabolic
health, including significant reductions in total cholesterol, triglycerides, glucose, and
insulin from baseline to 3 months.

Table 1. Participant demographic characteristics at baseline and 3 months (1 = 47).

Baseline 3 Months Change
Characteristic Mean + SD Mean + SD 5
o o (p Value)
or % (n) or % (n)
Age, years 409 £9.7 - -
Sex Male 23 (11) - -
Female 77 (36) - -
Race White 89 (42) - -
Black 6 (3) - -
Multiracial 4(2) - -
Ethnicity Hispanic 9(19) - -
Non-Hispanic 81 (38) - -
<$25,000 USD 11 (5) - -
$25,000-%$45,000 USD 4(2) - -
Income $45,001-%70,000 USD 23 (11) - -
$70,001-$110,000 USD 25 (12) - -
>$110,000 USD 36 (17) - -
Some college 11 (5) - -
. Four-year degree 45 (21) - -
Education Mast}e]r’s deggree 34 (16) - -
Doctorate degree 11 (5) - -
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Table 1. Cont.

Baseline 3 Months Change
Characteristic Mean + SD Mean + SD ( Valfe)
or % (n) or % (n) P
. —6.0 £ 3.
Weight, kg 96.1 & 16.1 90.2 + 153 (ig 0013)9
—21+£1.
Body mass index, kg/m? 335445 31.5+43 (2<(1) 0011)4
Waist circumference, cm 109.4 + 10.3 100.9 + 10.5 85 %60
(<0.001)
Systolic blood pressure, mmHg 117+ 14 114 +12 _(3 1:|(:)41)2
. . 2+12
Diastolic blood pressure, mmHg 74+8 76 £9 (0.173)
Total cholesterol, mg/dL ? 180 = 34 165 £30 _(<18 3612)6
High-density lipoprotein (HDL) -1+6
cholesterol, mg/dL ? 48412 47412 (0.288)
. ' X —29 + 61
Triglycerides, mg/dL 136 + 79 107 £+ 56 (0.002)
Glucose, mg/dL ? 9B +11 88 + 8 _((? (%21)1
Insulin, ulU/mL 2 12+8 7£5 (:?) (:)%16)

 log-transformed prior to analysis, 7 = 45 due to missing data.

3.2. Integrated Microbiome and DNAme Analysis

Integrated gut MB and DNAme analyses showed several significant cross-sectional
associations (Table S3). In the full model containing all CpGs, there were no associations be-
tween gut MB and DNAme at baseline. At 3 months, there were two significant associations
between the gut MB and DN Ame (Figure 2A). These included a moderate inverse associ-
ation between the abundance of Lachnospiraceae NK4A136 and DNAme within an intron
in Ornithine Transcarbamylase (OTC) and a strong positive association between the abun-
dance of Megasphaera and DNAme in the promoter region of CCAAT/enhancer-binding
protein delta (CEBPD).

In the reduced model using only CpGs in metabolically relevant KEGG pathways,
three cross-sectional associations were noted at baseline (Figure 2B). Abundance of Rumini-
clostridium was moderately positively associated with DNAme in the promoter region of
5'-Nucleotidase Ecto (NT5E), a gene involved in nicotinate and nicotinamide metabolism,
as well as DNAme within intron regions of two collagen proteins involved in protein
digestion and absorption, namely Collagen Type XVIII Alpha 1 Chain (COL18A1), and
Collagen Type XX Alpha 1 Chain (COL20A1). Scatterplots displaying the underlying rela-
tionships for these three associations are presented in Figure S1. At 3 months, 14 unique
MB:DNAme cross-sectional associations were observed (Figure 2B). Among these, abun-
dance of Akkermansia was moderately inversely associated with DN Ame in four genes:
GDP-Mannose 4,6-Dehydratase (GMDS), complement 9 (C9), Crystallin Lambda 1 (CRYL1),
and Glucuronidase Beta (GUSB). Similarly, Lachnospiraceae UCG-001 was moderately in-
versely associated with DN Ame in four genes: Nuclear Receptor Subfamily 5 Group A
Member 2 (NR5A2), Hes Family BHLH Transcription Factor 1 (HES1), Piccolo Presynaptic
Cytomatrix Protein (PCLO), and Lecithin Retinol Acyltransferase (LRAT). In the reduced
model, Ruminococcus gnavus was the only MB taxon positively associated with DNAme at
3 months, demonstrating a significant association between abundance and DNAme in the
gene Carbonic Anhydrase 3 (CA3). Scatterplots displaying the underlying relationships for
these associations are presented in Figure S2.
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Direction

. Positive
B Negative

Timepoint

Baseline

. 3 Months

Figure 2. Cross-sectional associations between DNAme and gut microbiota. The Sankey plot displays
associations between gut microbiota and DNAme of CpGs within labeled genes from (A) full and
(B) reduced models at baseline (gray nodes) and 3 months (black nodes). Blue indicates an inverse
association, whereas red indicates a positive association, while the thickness of each line indicates the
strength of the association.

3.3. Integrated Dietary Analysis

Dietary intakes were assessed among those with complete biospecimen collections
and corresponding gut MB and DNAme data who also provided 7-day diet records at both
baseline and 3 months (n = 40). Participants self-reported decreasing energy intakes by
nearly 500 kcal/day (—479 =+ 445 kcal/day) from baseline to 3 months (p < 0.001, Table 2).
The percentage of calories from fat decreased by nearly 4%, while intakes from protein
increased by a similar amount. Overall diet quality, as assessed by HEI total score, was also
improved at 3 months (p = 0.022).
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Table 2. Participant dietary intakes at baseline and 3 months (1 = 40).

Characteristic Baseline 3 Months Change
Mean £+ SD Mean £ SD (p Value)
Energy (kcal/day) 1764 + 338 1284 + 380 —479 + 445 (<0.001)
Carbohydrate (% kcal) 42 £8 42 £7 0+ 6(0.797)
Fat (% kcal) 39+7 35+5 —4 + 6 (<0.001)
Protein (% kcal) 17 +3 21+4 4 £ 5(<0.001)
Fiber (g/day) 16 £5 14+6 —2 £ 6 (0.015)
Diet quality (total HEI score) 57 £12 62 +12 4 +12(0.022)

Integrated analysis between the DNAme-associated MB taxa and dietary intake data
identified no associations between components of diet quality as measured by HEIL. How-
ever, at 3 months, Ruminococcacene NK4A214 was associated with food-group level intakes
of reduced-fat margarines. In change analyses, Ruminococcus gnavus was associated with
dietary intakes of the nutrient, trans-octadecenoic acid, as well as total trans fatty acids,
both of which significantly decreased from baseline to 3 months.

3.4. Targeted Metabolomics Analysis

Plasma concentrations of betaine, choline, carnitine, and TMAQO were not significantly
associated with gut MB, DNAme, or dietary intakes at baseline or 3 months.

4. Discussion

This study is one of few primary investigations of the association between the gut
microbiome and epigenome in humans and the first to evaluate these relationships within
the context of a behavioral weight loss intervention. At this 3-month early intervention
time point, most individuals had lost a clinically significant amount of weight, showed
improvements in several measures of cardiometabolic health, and had improved overall
diet quality. Our results suggest several cross-sectional associations between the gut
MB and DNAme in metabolically relevant pathways, providing evidence that gut MB
composition correlates with epigenetic markers and, thus, could influence mechanisms
underlying phenotypes observed before and during a weight loss intervention.

The only microbial taxon associated with the epigenome at baseline was Ruminiclostrid-
ium, a member of the Firmicutes (now renamed Bacillota) phylum and Ruminococcaceae
family. The Ruminococcaceae family has been identified as one of primary differentiating
characteristics among different gut MB enterotypes and was noted as a one of few family-
level taxa that discriminate lean from obese phenotypes in a preclinical model of fecal
transplantation from humans to mice [34-36]. Ruminiclostridium may be a beneficial compo-
nent of the gut MB, as it is involved in secretion of short chain fatty acids (SCFAs) and plays
a role in maintenance of intestinal epithelial cells [37]. In our analyses, baseline abundance
of this taxon was positively associated with DNAme in three metabolically relevant genes.
Expression of COL18A1 has been associated with human adipocyte differentiation and
susceptibility to obesity, and preclinical work demonstrates that knockout of COL18A1
is associated with a reduction in adiposity in murine models [38,39]. A genome-wide
meta-analysis linked the COL20A1 gene to diabetic kidney disease [40]. The expression
of NT5E has also been associated with the consumption of a high fat diet in preclinical
models and, thus, may be associated with obesity [41]. The positive association between
Ruminiclostridium abundance and DNAme in these genes indicates that this taxon may be
associated with repression of these genes and may, therefore, play a beneficial role in regu-
lation of adiposity among healthy adults with overweight or obesity. Future work should
evaluate the association between measures of body fat and Ruminiclostridium abundance to
test this hypothesis.
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Other members of the Ruminococcaceae family (Ruminococcaceae uncultured, Ruminococ-
cus 1, Ruminococcaceae NK4A214, and Ruminococcaceae UCG-014) were inversely associated
with DNAme in the promoter region of several genes involved in pyruvate, amino sugar
and nucleotide sugar, and nitrogen metabolism at 3 months. Our previous analysis of
multiomic predictors of weight loss in this cohort indicated that baseline Ruminococcaceae
UCG-014 was disadvantageous for weight loss, while Ruminococcaceae NK4A214 and Ru-
minococcus 1 were advantageous for weight loss and change in waist circumference [11,19],
suggesting additional follow-up is needed to elucidate the mechanistic underpinnings of
these relationships.

In the full model at 3 months, our analyses indicate a positive association between
the abundance of Megasphaera and DNAme of the CEBPD gene, which is one of three
CCAAT/enhancer-binding protein genes that have been implicated, along with peroxi-
some proliferator-activated receptor gamma (PPAR7y) genes, as key regulators of adipogen-
esis [42,43]. Reduced expression of CEBPD has been associated with impaired adipocyte
development. Furthermore, obesity has been associated with lower differentiation capacity
of preadipocytes [44,45]. Megasphaera, a member of the Firmicutes (Bacillota) phylum,
has been shown to be higher in individuals with obesity when compared to those of
normal weight and has been positively correlated with body fat [46,47]. Thus, our data
suggest that Megasphaera may be associated with epigenetic modification in pathways that
could reduce the expression of major regulatory genes and impair appropriate develop-
ment of adipocytes, leading to lower differentiation capacity and highlighting a potential
mechanism by which the gut MB may influence the epigenome in obesity.

At 3 months, Akkermansia was inversely associated with DNAme in four metabolically
relevant genes. Akkermansia has demonstrated benefit in preventing high fat diet-induced
obesity as well as in alleviating obesity-related insulin resistance and inflammation [48-50].
The most common Akkermansia species, Akkermansia muciniphilia, is a mucin-degrading
and SCFA-producing bacterium that has been associated with lower body fat mass and
improvements in multiple indicators of cardiometabolic health [51-54]. Though Akkerman-
sia has been associated with beneficial changes in gene expression related to adipocyte
differentiation and inversely correlated to gene variants associated with body mass in-
dex [53,55], to our knowledge, no previous studies have investigated the relationship
between Akkermansia and DNAme in the genes identified in the present study. Thus, future
work should characterize functional capacity of this taxon in relation to epigenetic markers
and corresponding gene expression, particularly in the context of behavioral weight loss
interventions for the management of overweight and obesity.

Integrated analyses evaluating the relationship between the gut MB and epigenome
demonstrated inverse cross-sectional associations between the abundance of Lachnospiraceae
and DNAme in several genes at both baseline and 3 months. This family is within the
Firmicutes (Bacillota) phylum and includes a heterogenous group with diverse functions,
with some studies suggesting a beneficial effect through mechanisms, such as enhanced
SCFA production, and others finding associations with metabolic disease [10,56,57]. In-
terestingly, research indicates that a greater abundance of some Lachnospiraceae species is
associated with obesity and altered lipid and glucose metabolism, while others, such as
Lachnospiraceae NK4A136, have been described as protective against obesity, with potential
anti-inflammatory effects and previously reported associations with greater adherence to
healthy dietary patterns, such as a Mediterranean diet [56,58,59].

At baseline, a greater abundance of Lachnospiraceae NK4A136 was correlated with
hypo-methylation in the OTC gene, which plays a role in mitochondrial metabolism, amino
acid homeostasis in the liver and small intestine, and has been associated with insulin
response [60]. Decreased OTC expression has also been linked to reduced enterocyte mass
and function as well as poorer liver function, though it is unclear if these are causes or
consequences of underlying disease. At 3 months, Lachnospiraceae UCG-001 abundance was
inversely associated with DNAme in the promoter region of four metabolically relevant
genes, including those involved in insulin secretion. While some work indicates that
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a greater abundance of Lachnospiraceae UCG-001 may be associated with obesity, other
preclinical and human studies suggest this species may be predictive of weight loss among
those with overweight/obesity [61,62]. In our previous analyses of associations between
gut MB and cardiometabolic health indicators in this cohort, we observed that greater
abundance of an unclassified member of Lachnospiraceae was associated with less decrease in
waist circumference from baseline to 3 months [11,19]. However, as detailed above, findings
from our current analyses suggest different Lachnospiraceae species may be beneficial in
modulating epigenetic changes, suggesting further investigation at the sequence variant
level is warranted. These inconsistencies may be a result of using 16S data versus shotgun
metagenomics, or they could be due to substantial inter-individual variation in the structure
and function of the gut MB, highlighting the individualized role some taxa may play in
metabolic regulation.

While dietary patterns have been suggested to be more closely associated with gut
MB composition than individual nutrients [63,64], no associations with metrics of over-
all diet quality, nor expected dietary components, such as fiber, or food groups, such as
grains, vegetables, or dairy, were noted when gut MB was evaluated alongside dietary
intake data in our cohort. This may be because the gut MB is highly personalized in its
response to dietary intake, with few diet-MB interactions conserved across people [65,66].
In addition, food composition databases underlying dietary analysis software capture
only a fraction of the components within foods that may affect the gut MB [67]. Previous
analyses have also demonstrated that habitual or long-term dietary intake is more closely
associated with gut MB composition than intake reported from shortly before MB sam-
pling [36], and, thus, use of food frequency questionnaires or weighted daily intake data
may be useful for identifying relationships between gut MB and diet. Of note, however,
is that an increased abundance of Ruminococcus gnavus was associated with decreases in
intakes of trans fatty acids from baseline to 3 months. Previous studies have implicated
Ruminococcus gnavus, which is a mucin-degrading group, in inflammatory bowel disease
and in altered lipid metabolism related to non-alcoholic fatty liver disease (NAFLD) and
obesity [46,68,69]. Relatedly, our analysis of multiomic predictors of change in weight
and cardiometabolic health in this cohort indicate that this taxon is disadvantageous for
reductions in triglycerides [19]. Furthermore, though not observed in this study, this taxon
has been inversely associated with long-term diet quality, as assessed by HEI-2015 and
positively associated with consumption of a pro-inflammatory diet in a large, multiethnic
cohort [70,71], suggesting abundance may be higher among those with suboptimal dietary
intake.

The strengths of this study include a rigorously designed weight loss trial with inten-
sive behavioral support and careful monitoring of dietary intake by RDNs using multi-day
diet records and comprehensive diet analysis software. In addition, blood and fecal sample
collection aligned with other assessments and were analyzed for DNAme and gut MB,
respectively, using validated and widely employed methods. Despite these strengths, this
study is not without limitations. The participants included in this analysis represent two of
five recruitment cohorts for the parent trial, and, thus, the sample size is relatively small
and not representative of the general population of those with overweight and obesity in
terms of race, ethnicity, socioeconomics, and other factors. Use of short-read 16S rRNA
amplicon sequencing for the evaluation of gut MB composition limited our ability to eval-
uate functional capacity, and assessment of DNAme in whole blood did not allow for
comparisons with metabolically active tissues. Furthermore, inclusion of transcriptomics,
proteomics, or more thorough characterization of metabolomics in future studies would
help to further elucidate relationships with the gut MB. Observations may have been
related to unmeasured factors, such as physical activity or change in fat mass at 3 months.
Lastly, while current best practice, self-reported dietary intake is prone to innate bias [72];
thus, underreporting, particularly for energy intake, may be likely within this population.
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5. Conclusions

Healthy adults with overweight or obesity enrolled in a behavioral weight loss pro-
gram demonstrate changes in body weight, cardiometabolic health, and dietary intakes
after 3 months of intervention. At baseline and this early intervention time point, there are
several associations between the gut MB and DN Ame in genes known to be involved in
KEGG pathways related to obesity and metabolism. Thus, the identified relationships may
provide initial insights into potential pathways through which changes in the gut MB may
affect metabolism before and during weight loss. Though relationships were not associated
with overall dietary patterns or a subset of gut MB-derived metabolites, such as TMAO,
future work may consider modeling other dietary features or integration of untargeted
metabolomics to further explore the mechanisms by which the gut MB and epigenome
interact to influence weight status. Furthermore, this study provides a foundation for
the co-evaluation of multiomics in lifestyle interventions to discern associations between
modifiable factors that may be useful for identifying baseline predictors of response, drivers
of interindividual metabolic variability, or future therapeutic targets.
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mdpi.com/article/10.3390/nu15163588/s1, Table S1: 130 metabolically relevant KEGG pathways
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for Research employed for integrated diet and microbiome analyses; Table S3: Full and reduced
model results for integrated DN Ame and microbiome analyses; Figure S1: Scatterplots of baseline
cross-sectional associations between DNAme in genes within metabolically relevant KEGG pathways
and gut microbial taxa abundance; Figure S2: Scatterplots of 3-month cross-sectional associations
between DNAme in genes within metabolically relevant KEGG pathways and gut microbial taxa
abundance.
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Abstract: The present pilot study investigates the blood biochemical changes induced by hemp seeds
in rats with diabetes. The composition of industrial hemp seeds, antioxidant activity, identification
and quantification of phenols and fatty acids from hemp oil were determined. The Wistar adult rats
used in the experiment were divided into three groups (1 = 6) and kept under standard conditions.
Group one, the control group (individuals without diabetes), and group two (diabetic individuals)
received water and normal food ad libitum, while the third group, also including diabetic individuals,
received specific food (hemp seeds) and water ad libitum. Subsequent blood biochemical parameters
were determined. Hemp seeds had higher phenol (14 compounds), flavonoids and PUFA contents
compared to other plants seeds. In addition, the antioxidant activity in Cannabis sativa was also
increased. Moreover, the ratio between n-6 and n-3 was 4.41, ideal for different diseases. Additionally,
all biochemical parameters showed significant changes following the treatment. It was shown that
high doses of hemp seeds decreased diabetes-induced biochemical damage in rats most probably
due to the high content of active compounds. In order to use these seeds in humans, it is essential
to find out which hemp compounds are particularly responsible for these effects. Moreover, for the
objective investigation of their effects, longer-term studies are needed.

Keywords: cannabis; hydroxybenzoic acid; phenolic activity; fatty acids; glycemia

1. Introduction

More than a third of the world’s population is overweight or obese and therefore at
risk of developing diabetes mellitus type 2 (T2DM) [1]. This effect has been accentuated
since the beginning of the pandemic period, due to the lack of physical activity and the
increase in food intake. The disease involves progressive worsening of insulin resistance
and a compensatory increase in its secretion. While T2DM is clearly a multifactorial and
complex disorder, there is no doubt that obesity-induced insulin resistance accelerates
the depletion of pancreatic {3 cells in the Langerhans Islands and therefore the onset of
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T2DM [2]. One of the ways to prevent obesity and its associated metabolic disorders is the
consumption of plant-based foods with known low caloric values [3]. Moreover, it is of the
utmost relevance to note that these products provide a good source of bioactive compounds
with beneficial health effects [4]. In this regard, the optimum fiber content, high protein
concentration, flavonoid concentration, antioxidant activity, phenol compounds and PUFA
omega-6:PUFA omega-3 optimal ratio from industrial hemp seeds illustrate the perfect
match [5]. In recent decades, cannabis was banned as it was used for recreational purposes,
without a clear distinction regarding the tetrahydrocannabinol (THC) content, which is the
psychoactive compound in the plant. The term ‘hemp’ refers to varieties of Cannabis sativa
that have been grown for industrial purposes and characterized by lower concentrations
of THC. According to the Integrated Taxonomic Information System, cannabis belongs
to the class Magnoliopsida, order Rosales, family Cannabaceae, genus Cannabis, which
has a single species Cannabis sativa with the subspecies sativa and indica [6]. Hemp is a
herbaceous and anemophilous plant (Figure 1) native to Central Asia. Due to its long
history of cultivation, it is considered one of the oldest cultivated plants. The species was
introduced to Europe during the Bronze Age as a cultivated domestic agricultural plant [7].
In the beginning, hemp was cultivated to produce fiber for clothes and seeds for eating,
but due to their active compounds, hemp plants are used nowadays in multiple areas
besides the earlier ones: in agriculture as a phytoremediation agent of polluted soils, in
cosmetics, and as healthy foods, to decrease LDL cholesterol and blood pressure [8-10].
From a nutritional perspective, hemp seeds are rich in healthy nutrients such as minerals
(zinc, sodium, magnesium, calcium and iron), antioxidants and proteins [11]. Moreover,
hemp oil is rich in arginine, alleviating the disrupted metabolism in obesity, regulating
blood pressure, and inhibiting the symptoms of type 2 diabetes [12]. In addition, all the
essential amino acids can be found in hemp oil [13] alongside high levels of omega-3
fatty acid, «-linolenic acid (ALA), as well as omega-6 fatty linoleic acid (LA). The latter
is considered essential because the mammalian body cannot synthesize it and serves as a
precursor for the omega-3 group [14]. The ratio between ALA and LA from seeds seems
to be perfect for health [15]. This has antioxidant effects on the cardiovascular system
overall. Unfortunately, however, hemp oil also contains some trans-fatty acids which are
correlated with atherosclerosis due to their role in blocking other PUFA synthesis [16,17].
Additionally, hemp seeds contain gamma-linolenic acid (GLA), with significant antioxidant
effects such as the improvement of diabetic complications via anti-inflammatory mecha-
nisms [18]. Other therapeutic antioxidant compounds in hemp seeds are polyphenols [19]
and more than 20 flavonoids, of which the most predominant are prenylated flavonoids [20].
Lignanamides and phenol amides have also been observed [21,22]. Their administration
is correlated with hypoglycemic effects [23]. Furthermore, in rats with diabetes induced
by streptozotocin, hydroxycinnamic acid derivatives, it has been found that hemp seeds
significantly decreased blood glucose concentration [24]. Commonly, flavonoids have
overall beneficial effects on health due to their involvement in the decrease in the metabolic
complications shown in type 2 diabetes [25]. These changes may be the results of amylase
inhibition, aiming at the reduction of carbohydrate absorption [25]. Moreover, proteins
from the seeds are used for their hypoglycemic effects [26]. For the reasons listed above, the
present pilot research investigates the biochemical changes induced by the administration
of hemp seed compounds in rats with diabetes.
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Figure 1. (Original) Cannabis sativa, 'Zenit’ variety.

2. Materials and Methods
2.1. Cannabis sativa ‘Zenit” Variety Hemp Seed Composition

Hemp seeds were collected from plants grown in the Botanical Garden of UASVM
Cluj-Napoca. The plants belonged to the ‘Zenit’ variety of Cannabis sativa and were used to
determine the concentration of lipids, proteins, total phenols, total flavonoid antioxidants
activity and quantification of phenols (Figure 1).

2.2. Chemical Analysis

The Kjeldahl method was used for protein content, the Soxhlet method was used for
determinations of fat content, while the calcination method served for determining both
the dry matter and ash contents [27].

Protein content was determined via the Kjeldahl method: mineralization was per-
formed in a Turbotherm TT 265 unit connected to a Turbosorg Tur/K scrubber. A Vapodest
30S unit was used for distillation. All devices were purchased from Gerhardt, Koenigswin-
ter, Germany. Finally, a classic titration was performed, with a 25.00 mL class A burette [27].

Fat content was determined via the Soxhlet method, using a 6-position unit Det Gras
N6p (JP Selecta, Barcelona, Spain). Acetone was used as an extraction solvent [27].

The ash content was determined via heating at 550 °C for 5 h in a Nabertherm B180
calcination furnace (Nabertherm GmbH, Lilienthal, Germany) [27].

The dry matter content was determined via heating at 105 °C for 6 h in a forced air
oven SLW 53 (POL-EKO-Apparatus, Wodzistaw Slaski, Poland).

Total phenols and flavonoids were determined using spectrophotometry VIS/UV /VIS
Spectrometer T80+. In this case, the evaluation of the total content of phenols and flavonoids
was related to a standard curve of gallic acid. This was dissolved in ethanol. Subsequently,
the concentration of total phenols and flavonoids was expressed in mg gallic acid equiva-
lents (GAE) per gram of dried extract [27].

2.2.1. Antioxidant Activity of Hemp Extracts (Methanolic and Ethanolic Extracts)

The antioxidant activity of the samples was determined using the DPPH (1,1-diphenyl-2-
picrylhydrazyl) free radical scavenging capacity technique developed by Brand-Williams et al. [28].
To determine sample antioxidant responses, 35 pL of previously methanolic and ethanolic ex-
tracted samples mixed with 250 pL of DPPH solution were prepared in triplicate. The reaction
solution was incubated for 30 min at room temperature in the darkness before measuring ab-
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sorbance at 515 nm using a multi-mode plate reader (BioTek, Winuschi, VT, USA). The findings
were presented as micromol Trolox equivalents (pmol TE)/100 g sample [28].

2.2.2. Extraction of Phenolic Compounds

To this end, 0.3 g of the crushed sample were extracted with 3 mL of methanol acidified
with 1% HCl of 37% concentration, via vortexing for 1 min at the Heidolph Reax top vortex,
sonicating for 30 min in the Elmasonic E 15 H sonication bath and centrifuging at 10,000 rpm
for 10 min and at 24 °C in the Eppendorf AG 5804 centrifuge. In parallel, the extraction
was carried out with 70% ethanol, under the conditions mentioned above. The supernatant
was filtered through a 0.45 pm Chromafil Xtra nylon filter and 20 uL were injected into the
HPLC system [29].

2.2.3. Fatty Acid Analyses

Hemp oil extraction was used in this experiment to determine the fatty acids in
the seeds. The chemicals used for the preparation of fatty acid methyl esters (FAMEs)
were purchased from Sigma-Aldrich (Steinheim, Germany), while the FAMEs standard
(37 component FAME Mix, SUPELCO) was from Supelco (Bellefonte, PA, USA). The results
obtained were checked against the dry matter.

Fatty acid methyl esters (FAMESs) of the total lipids (0.2 g oil) were produced via
acid-catalyzed transesterification using 1% sulphuric acid in methanol [30,31].

The methylated fatty acids were determined with a gas chromatograph (GC) coupled
to a mass spectrometer (MS) (PerkinElmer Clarus 600 T GC-MS; Shelton, CT, USA) [32].
A 0.5 puL sample was injected into a 60 m x 0.25 mm i.d., 0.25 pm film thickness SUPEL-
COWAX 10 capillary column (Supelco Inc.). The operation conditions were as follows:
injector temperature 210 °C; helium carrier gas flow rate 0.8 mL/min; split ratio 1:24; oven
temperature 140 °C (hold 2 min) to 220 °C at 7 °C/min (hold 19 min); electron impact
ionization voltage 70 eV; trap current 100 uA; ion source temperature 150 °C; mass range
22-395 m/z (0.14 scans/s with an intermediate time of 0.02 s between the scans).

The amount of each fatty acid was expressed as area percentages calculated from the
total area of identified FAMEs.

2.3. Experimental Animal Protocol

Eighteen adult Wistar rats, male and female, weighing between 250 and 300 g were
used in the experiment for five weeks. The ethics approval form number was 340/2022.
During the experiment, all rats were kept in hygienic conditions: constant temperature
and humidity, a light/darkness rhythm of 12/12 h and free access to water and food. The
animals were handled gently, without causing them stress or pain.

In the initial phase, all rats (18 individuals) were kept (with food and water provided
ad libitum) until diabetes was induced (2 weeks). They were divided from the beginning
into three groups. Both weight and blood glucose were monitored 5 times for two weeks
until blood glucose stabilized at values that allowed us to declare induced diabetes. It is
important to mention that streptozotocin is a molecule from the nitroso-urea family, used in
the treatment of neoplasia or as a natural antibiotic [33]. In 1960, the scientific community
found that streptozotocin has selective toxicity on 3-cells in the islets of Langerhans of
the pancreas. This discovery raised interest in the use of streptozotocin to induce diabetes
in experimental animals, especially rats, and mice, but also in rabbits and fish [34,35].
Repeated injections of 20 to 40 mg/kg of streptozotocin in rats and mice decrease insulin
secretion without inducing cell death, which mimics insulitis seen in type 1 diabetes.
Administered as a single dose of 100 to 200 mg/kg, streptozotocin causes rapid destruction
of B-cells and causes diabetes [35].

Diabetes mellitus was induced in rats using the Streptozotocin (STZ) protocol pre-
viously described [34,35]. Firstly, all the animals were weighted (+1 g) and fasted for
6 h before the start of the experiment. The fasting blood glucose level of each Wistar rat
was determined just before the experiment (day 0), using a commercial blood glucose
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meter (Accu—Chek® instant, Roche, Germany). The rats received a double intraperitoneal
injection with STZ (65 mg/kg b.w., dissolved in 0.1 mM citrate buffer, pH 4.5). The rats
were returned to their cages and provided with normal food and water. The diabetic state
of the rats was evaluated 14 days after the STZ-NA administration by measuring fasting
blood glucose levels from blood samples collected from the tail vein. The animals with
blood glucose levels of more than 150 mg/dL were considered as diabetic and used in the
present study.

Subsequently, they entered the pilot experiment for 5 weeks in which they received
normal and specific food. Group one, the control group (CG), individuals without diabetes,
and group two, the group with diabetic individuals (DNFG), received water and normal
food ad libitum, while the third group, the group with diabetic individuals (DHFG),
received specific food-hemp seeds and water ad libitum.

The experiment was carried out in accordance with the “Guide for the Care and Use
of Laboratory Animals” (Department of Health and Welfare Education, National Institute
of Health), 1996, and closely followed the directive of the European Council (86/609/1986)
and the Order No. 37 of the Romanian Government of 2 February 2002 [36,37].

At the end of the experiment, blood samples from all rats were collected for biochem-
ical analyses (0.5 mL). These were performed with microhematocrit tubes. The blood
was taken from the orbital sinus into EDTA vacutainers and Eppendorf tubes to obtain
plasma and blood serum. According to the literature, in the case of rats, blood glucose
values that range between 85 and 132 mg/dL are considered normal [38]. At the beginning
of the experiments, all rats had normal glycemia. In the second and third groups, rats
received a single dose of the cytotoxic glucose analog intraperitoneally, more precisely
STZ (60 mg/kg), freshly dissolved in 10 mM sodium citrate solution (pH = 4.5). The rats
with constant blood glucose values of more than 300 mg/dL were considered diabetic [39].
Blood samples were collected from diabetic rats, using the same collection conditions as in
all normo-glycaemic rats.

Blood Biochemical Parameters

The following parameters were considered: triglycerides (TGs), cholesterol, glucose
and fructosamine concentrations using the methods from [40]. The emission spectra were
recorded using the Jasco FP-8200 spectrofluorimeter. The method used for the deter-
mination of triglycerides was Enzymatic Glycerol Phosphate Oxidase/Peroxidase [41],
whereas for determining cholesterolemia, the Enzymatic Cholesterol Oxidase/Peroxidase
method was used [42]. As for the blood glucose concentration, the Enzymatic Glucose
Oxidase/Peroxidase method was used [43] and for blood fructosamine the Enzymatic
glycated-serum-protein assay was used [44].

2.4. Statistical Analysis

GraphPad Prism software was used for statistical analysis. To test the normality data,
the Shapiro-Wilk test was used. Parametric (ANOVA) or non-parametric (Kruskal-Wallis)
tests were performed to compare the groups. When F was statistically significant (p < 0.05),
Tukey’s Honest Significant Difference test was applied. Means £ SD were used to express
the results.

3. Results

3.1. The Composition of Cannabis sativa ‘Zenit’, Antioxidant Activity, Identification and
Quantification of Phenols and Fatty Acids from Hemp Oil

3.1.1. The Composition of Cannabis sativa ‘Zenit’, Antioxidant Activity, Identification and
Quantification of Phenols and Fatty Acids from Hemp Oil

Strong causality connections can be found between all the results. Dry matter, lipids,
proteins and ash content of hemp seeds are presented in Table 1. The average protein
content, 20.95%, and the average lipid content, 29.17%, are the important ones because all
the active compounds are proteins and lipids.
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Table 1. Cannabis sativa ‘Zenit’ composition.

Analyses Dry Matter (%) Lipid Content (%) Protein Content (%) Ash Content (%)

Mean + SD 94.57 £ 0.16 29.17 £ 0.46 20.95 £0.21 4.61 +0.33

The results obtained were checked against the dry substance; all the results are expressed as means + standard
deviation (M =+ SD); SD = standard deviation.

3.1.2. The Composition of Total Phenols and Total Flavonoids

Analyses of phenols and flavonoids are essential because these substances act as
antioxidants, which results in their anti-inflammatory role in various diseases [45]. The
results are presented in Table 2 as means =+ standard deviation and are expressed in mg
GAE/g for phenols (2.75 £ 0.12) and ug CE/g for flavonoids (106.21 £ 5.92).

Table 2. The composition of total phenols and total flavonoids.

Type of Analyses Total Phenols Total Flavonoids

UM 275+ 0.12 mg GAE/g 106.21 + 5.92 ug CE/g

UM—unit of measurement; the results are presented as means =+ standard deviation (M & SD). GAE, milligrams
of gallic acid equivalents per gram; CE, micrograms catechin equivalents per gram.

3.1.3. The Antioxidant Activity

As is seen in Table 3, the antioxidant activity is increased in methanol extract (112.28 pmol
Trolox/100 g sample for methanolic extract and 97.09 umol Trolox/100 g sample for ethanolic
extract). Both methods (methanolic and ethanolic extraction) were used to identify the most
sensitive for antioxidant identification and quantification. It is shown that the methanolic
method is more specific for hemp seeds.

Table 3. Antioxidant activity of hemp extracts (methanolic and ethanolic extracts).

Samples uM Trolox/100 g
P (Mean + SD)
Methanol extract 112.28 £ 5.61 pmol Trolox/100 g sample
Ethanolic extract 97.09 + 4.85 umol Trolox/100 g sample

The values are expressed as micromol Trolox equivalents (umol TE)/100 g sample. The results are presented as
means + standard deviation (M £ SD).

3.1.4. Phenolic Compounds

As presented in Table 4, 14 phenol compounds were identified and quantified. Lig-
nanamides were found in the largest amount (total lignanamides 2493.17 ug/g hemp
seeds for methanol and total 1500.48 ng/g hemp seeds for ethanol) compared to total
hydroxycinnamic acid amides (814.78 nug/g hemp seeds for methanol and 444.62 ug/g
hemp seeds for ethanol), total hydroxybenzoic acid (504.29 ug/g hemp seeds for methanol
and 423.70 ug/g hemp seeds for ethanol) and benzoic acid (93.78 nug/g hemp seeds for
methanol and 116.08 pg/g hemp seeds for ethanol). From total lignanamides, we had
cannabisins A, B, C, D, E, Q, cannabisin B isomer and grossamide.
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Table 4. Identification and quantification of phenolic compounds in the hemp seed sample (ug/g
hemp seeds) via HPLC-DAD-MS-ESI+ analysis.

R uv [M +H]* Phenolic Hemp Seeds Hemp Seeds
Peak (min) Amax (/2) Compound Subclass Methanol Ethanol
(nm) 4 (Mean + SD) (Mean + SD)
1 2.78 270 123 Benzoic acid Benzoic acid 93.78 £+ 9.40 116.08 4+ 11.20
2 2.97 270 139 2-Hydroxybenzoic  Hydroxybenzoic o 1029 27133 + 13.57
acid acid
3 9.47 280 155 Protocatechuic Hydroxybenzoic g, 73 4 1456 152.37 4 7.60
acid acid
4 10.87 290 595 Cannabisin A Lignanamide 82.68 + 7.34 56.11 + 4.80
5 11.48 290 597 Cannabisin B Lignanamide 130.05 + 10.07 149.54 + 12.46
6 11.78 320,290 284 N-trans- . Hydroxycinnamic 50 ) | g g5 172.56 + 8.63
Coumaroyltyramine acid amide
7 14.01 290 611 Cannabisin C Lignanamide 179.65 + 8.98 203.55 + 10.15
8 1462 290 597 Cannabisin B Lignanamide 153.96 + 7.50 146.88 + 7.23
isomer
9 18.20 322,290 301 N-trans- . Hydroxycinnamic 549 4 4 14 95 181.42 4 9.07
Caffeoyltyramine acid amide
10 19.29 340,290 597 Cannabisin Q Lignanamide 201.34 + 10.03 171.67 + 8.85
11 20.40 330290 314 N- . Hydroxycinnamic g 03 19 15 90.65 + 8.53
Feruloyltyramine acid amide
12 22.09 290 625 Cannabisin D Lignanamide 444.42 +17.71 119.87 4+ 10.20
13 22.79 290 625 Cannabisin F Lignanamide 470.99 + 23.50 231.01 + 11.55
14 23.39 320290 625 Grossamide Lignanamide 830.08 + 41.50 421.84 + 21.09
Total phenolics 3906.02 2484.88

3.1.5. Fatty Acid Composition from Seed Oil
The results are shown in percentages from areas and presented in Tables 5 and 6, and

Figure 2. As can be observed in Table 6, the highest percentage of fatty acids is represented
by polyunsaturated fatty acids, PUFAs, which are crucial, as they are considered indirect
antioxidants [46]. The ratio between n-6 and n-3 (1-6/n-3), which is the most important
for the prevention of various diseases [47] is also presented in Table 6. The n-6/n-3 ratio is
4.41 and appears to be optimal for preventing and inhibiting disease progression.

100-

18:1n-9
16:0 18:3n-3

18:0
18:3n-6 20:0  20:1n-9

1 Time
18.31 20.31 22.31 24.31 26.31 28.31 30.31

Figure 2. GC-MS chromatogram of FAMEs from hemp seeds analyzed with a Supelcowax 10 capillary
column. Peak identification: 16:0, palmitic; 18:0, stearic; 18:1n-9, oleic; 18:1n-7, vaccenic; 18:2n-6,
linoleic; 18:31-6, y-linolenic; 18:31-3, a-linolenic; 20:0, arachidic; 20:11-9, 11-eicosenoic acids.
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Table 5. The specific fatty acids from Cannabis sativa seed oil.

Specific Fatty Acids Concentration (% by Area) Desitaatril gzrgD)

16:0 7.84 0.27

18:0 3.68 0.15
18:1n-9 15.73 0.66
18:1n-7 0.71 0.05
18:2n-6 55.93 2.49
18:3n-6 1.73 0.08
18:3n-3 13.06 0.58

20:0 0.97 0.06
20:1n-9 0.35 0.03

16:0, palmitic; 18:0, stearic; 18:1n-9, oleic; 18:1n-7, vaccenic; 18:2n-6, linoleic; 18:3n-6, y-linolenic; 18:3n-3, «-
linolenic; 20:0, arachidic; 20:1n-9, 11-eicosenoic acids. The results are presented in percentages. The values
represent the means of three samples, analyzed individually in triplicate (n = 3 x 3). SD—standard deviation.

Table 6. Fatty acid type from Cannabis sativa seed oil.

Fatty Acid Type Concentration (% by Area) Standard Deviation (SD)

SFA 12.49 0.61

MUFA 16.78 0.69

PUFA 70.72 297

n-3 PUFA 13.06 0.59

n-6 PUFA 57.66 2.57
n-6/n-3 441
PUFAs/SFAs 5.66

SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids. The values
represent the means of three samples, analyzed individually in triplicate (n = 3 x 3). SD—standard deviation.

3.2. Glycemia and Weight during Diabetes Induction in Rats

Glycaemia and weight presented a different trend (Table 7). Both weight and blood
glucose were monitored 5 times every two weeks before the stabilization of diabetes.
Until the diabetes was stabilized, the blood glucose values varied as seen in Table 7 [48].
Regarding the variation in glucose concentration during diabetes induction, it was shown
that the concentrations were higher in both diabetic groups compared to the control group.
In contrast, the weight trend was different between means, but the confidence intervals
overlap after diabetes induction, namely 246.8 4= 9.2 g in DNFG, and 249.3 &+ 17.8 g in
DHFG, compared to CG, which had 254.9 £ 17.9.

Table 7. Glucose and weight prior to the experiment.

Parameters CG DNFG DHFG
Glycemia 112 +11.9 4223 +120.2 398.8 + 98.9
(mg/dL)

W‘(’fght 2549 +17.9 246.8 +9.2 2493 +£17.8

CG, the Control Group, received water and normal food; in the DNFG, the Diabetic Normal Feed Group, the rats
were fed with normal feed; in the DHFG, the Diabetic Hemp Seeds Feed Group, the animals received only hemp
seeds as feed; the values are presented as mean =+ standard deviation (M & SD), n = 6.
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3.3. Blood Biochemical Changes after Hemp Seed Treatment in Diabetic Rats Compared to CG

There were significant differences in glucose and cholesterol concentrations (between
the DNFG and DHFG). Regarding triglyceride blood concentration, there were significant
changes p < 0.05 (*) between the CG and DNFG groups. The cholesterol concentration
increased significantly in the diabetic groups compared to the control, with a specification
that the hemp seeds decrease the effects of diabetes, p < 0.001 (***). As expected, glucose
and fructosamine followed the same trend; more significantly, fructosamine had p < 0.001,
(***) compared to glucose, which had p < 0.01 (**), regarding CG and DNFG.

4. Discussion
4.1. The Composition of Cannabis sativa ‘Zenit’, Antioxidant Activity, Identification and
Quantification of Phenols and Fatty Acids from Hemp Oil

As diabetes mellitus represents a major problem for public health, beneficial alterna-
tives are sought in order to prevent the occurrence of this disease [49]. One of them is linked
to embracing a healthy lifestyle. In this respect, diet plays a crucial role. The nutritional
value of diets is of the utmost importance as daily menus nowadays are poor in nutrients
and very rich in calories. In addition, the majority of foods are improved with salts, carbo-
hydrates and fats [50]. A good alternative is to consume more vegetables, fruits, nuts (like
hemp seeds), healthy meat, milk and eggs. Therefore, hemp seeds were selected to use in
this respect. From the composition of hemp seeds, flavonoids, among others compounds
such as lignamides, PUFAs and proteins are recognized for their antidiabetic effects [19].
For instance, flavonoids are involved in the regulation of the insulin-signaling pathway,
glucose uptake, as well as adipogenesis [51]. Flavonoids are important antioxidants with
antimicrobial, anti-allergic and anti-inflammatory action in both plants and animals. This
action is due to their ability to reduce oxidative stress. Moreover, their capacity is doubled
by the fact that, once ingested, flavonoids are degraded to phenolic acids, which potentiate
this capacity to capture free radicals.

As such, through their antioxidant role in vivo, they determine the decrease of low-
density lipoproteins and restore the homeostasis of polyunsaturated fatty acids in plasma
membranes [45]. Moreover, they can have a good influence on (3-cell proliferation. In this
way, insulin production increases at the same time as hyperglycemia decreases [52]. Phenol
compounds such as lignan amides from seeds are capable of anti-inflammatory effects [53].
Since oxidative stress is linked to various pathological conditions, the administration of
products with antioxidant activity has been pursued. In this wayj, as is seen in Table 3, hemp
seeds have increased antioxidant capacity [54]. These results may explain health trends
from biochemical analyses. Moreover, it is very important to specifically observe which
antioxidant compound was responsible for these changes. In this way, the consumption of
hydroxybenzoic acid was correlated with hypoglycemic activity [55].

Generally, in plants, lipid composition, and especially fatty acids, differ between
taxa. This is due to several factors such as geographical area, soil composition and good
environmental conditions [56]. As previously observed, PUFA levels from hemp ‘Zenit’
are higher (Table 6). They are involved in insulin action, membrane cell integrity, cellular-
signaling pathway and immune function [57]. According to the literature, there are two
groups of long-chain PUFAs: w-3 and w-6. The most representative PUFAs are the follow-
ing: a-linolenic, y-linolenic, eicosenoic acids, which belong to w-3, while the w-6 group
includes arachidonic and linoleic acids [58]. As far as PUFAs are concerned, literature
data focus on in vitro as well as in vivo studies, which demonstrates that omega-3 acids
in particular act as indirect antioxidants in vascular endothelial cells. In this way, they
are anti-inflammatory compounds, and therefore their administration reduces the risk of
atherosclerosis [46]. As can be observed in Table 5, hemp seeds contain y-linolenic acid
(GLA), which is known for its beneficial effects on health. Firstly, the GLA from the diet
is used as a prophylactic compound in different states of some chronic diseases. This is
possible due to its ability to change the lipid content from cellular membranes such as
prostaglandin E1 and 15-(S)-hydroxy-8,11,13-eicosatrienoic. This change is very healthful
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because of its antiproliferative and anti-inflammatory effects [59]. Moreover, GLA can
be used as treatment for diabetic nephropathy [60]. Regarding the roles of PUFAs, the
ratio between two categories of fatty acids needs to be taken into account. For example,
in cardiovascular diseases, a 4/1 ratio is correlated with a significant change in mortality,
to approximately 70%. At the same time regarding colorectal cancer, a 2.5/1 ratio was
associated with a decrease in cell proliferation [47].

4.2. Glycemia and Weight during the Experiment

As can be seen in Table 7, there were differences between the weight means of groups,
but the confidence intervals overlap (Table 7). This may be due to polyuria determined by
diabetes. Additionally, STZ is a toxic substance, and the rats” appetite might have been
lower, especially during diabetes induction.

A different trend was observed regarding glycemia variation. The increased glucose
concentration in DNFG rats compared to CG is due to STZ diabetic effects [61]. As already
shown, STZ through alkylation causes the death of 3 pancreatic cells via glucose trans-
porters 2—GLUT2 [61]. GLUT2s act as sensors and they are responsible for the control of
glucose intake by different tissues [62]. Thus, the glucose concentration was different.

4.3. Blood Biochemical Changes after the Treatment with Hemp Seeds in Diabetic Rats

Biochemical changes are essential because they closely reflect the health of the body.
Certain parameters were chosen due to their evolution and usefulness in diabetes assess-
ment (Figure 3). As shown in Figure 3a, a significant decrease in triglyceride concentration
was observed after the administration of STZ. On the one hand, STZ administration in rats
might have produced a decrease in their appetite and in the case of malnutrition, triglyc-
erides were lowered [63]. This aspect may be supported by the same trend in weight with
the same modification observed in children who suffer from protein energy malnutrition.
On the other hand, there were studies that reported a high level of triglycerides after dia-
betes induction of STZ, but following a long period of treatment, from 6 to 12 weeks [64,65].
The rats in this study were treated for five weeks. Hemp seed administration may have
increased TG concentration compared to DNFG. The only explanation may be linked to
the fact that some compounds from hemp seeds are used as therapeutic agents such as
phenolic ones and PUFAs in different diseases and are capable of restoring membrane,
structural and biochemical homeostasis [18,66,67]. As expected, cholesterol concentration
(Figure 3b) was significantly increased after diabetes induction. Previous studies have
shown that this change is normal due to STZ [68]. However, these cholesterol abnormalities
can be attributed to insulin deficiency caused by the death of pancreatic 3 cells. Due to
these modifications, cholesterol synthesis is increased. Moreover, the higher rate of LDL
glycation is responsible for suppressing cholesterol degradation, which also explains the
increase in glycemia after diabetes induction [69].

Considering that the total cholesterol concentration was determined, this variation
can be somewhat correlated with the low concentration of triglycerides in the blood. This
can be explained by the fact that in the liver, they can bind to VLDL and form VLDL-
TG complexes [70]. Interestingly, after the consumption of hemp seeds, cholesterolemia
significantly decreased. This significant finding confirms previous studies which showed
the same trend in the case of omega-3 fatty acid treatment [71,72]. The mechanism is
linked to the capacity of omega-3 fatty acids to stimulate the degradation of apolipoprotein
B-100-containing lipoproteins. Finally, cholesterol synthesis is reduced [73]. This is possible
due to the mediated capacity of PUFAs, especially omega-3 acids, to suppress the signaling
pathway of sterol regulatory element-binding protein-1 (SREBP-1) [74] (Figure 4).
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Figure 3. Blood biochemical changes for (a) triglyceride, (b) cholesterol, (c) glucose and (d) fruc-
tosamine after 5 weeks of treatment in CG, Control Group, which received water and normal feed;
DNEFG, Diabetic Normal Feed Group—the rats were fed with normal feed; DHFG, Diabetic Hemp
Seeds Feed Group—the animals received only hemp seeds as feed. Values are means + standard
deviation (M £ SD), n =6, p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) (Kruskal-Wallis test for
triglycerides and one-way ANOVA for the other parameters).

As previously reported, STZ administration led to diabetes and in this respect, glycemia
was significantly increased in DNFG (Figure 3c) compared to CG [78]. The administration
of hemp seeds determined a decrease in glycemia most probably due to their antioxidant
content such as phenol compounds, flavonoids and PUFAs, which are recognized for their
hypoglycemic effects [18,79] (Figure 5). It is well established that flavonoids are capable
of repairing DNA damage. As such, the alkylation induced via STZ may have been sup-
pressed by hydroxycinnamic acid and flavonoid action from hemp seeds [80]. Moreover,
Hydroxybenzoic acid has protective effects on pancreatic 3 cells [81]. In addition, the
high level of protein from hemp seeds may be responsible for the decrease in glucose
concentration via a mechanism that involves two peptides (Pro-Leu-Met-Leu-Pro, Leu-Arg)
which can cause the inhibition of x-glucosidase activity [26]. To some extent, this would
still be possible in vivo, only if stem cells were transplanted, and were transformed into
pancreatic 3 cells based on the signaling pathways [82]. As such, glycemia decreased.
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Figure 4. The mechanism by which PUFAs suppress cholesterol synthesis via inhibition of the
signaling pathway of sterol regulatory element-binding protein-1 (SREBP-1) [74]. PUFAs through
their action on the SCAP complex inhibit LXRx-LBD, which further generates suppression of nuclear
corepressor receptors NCOR1 and NCOR2 [75]. All these inhibit the synthesis of fatty acids (FAs) as
well as triglycerides (TGs). In this way, VLDL-TG is no longer synthesized. Similar to PUFAs, the
high concentration of oxysterol has the same effect; it inhibits LXRx-LBD [76,77].

THE EFFECT OF HEMP SEEDS ON PANCREATIC 3 CELLS IN DIABETES RATS
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Figure 5. The effect of hemp seeds on pancreatic (3 cells in diabetes rats. * significant decrease.

The CG, the Control Group, received water and normal food; in the DNFG, the Dia-
betic Normal Feed Group, the rats were fed with normal feed; in the DHFG, the Diabetic
Hemp Seeds Feed Group, the animals received only hemp seeds as feed. Diabetes was
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induced via streptozotocin (STZ) in Wistar rats. Pancreatic 3 cells were destroyed. As
a result, the number of pancreatic 3 cells decreased, and the secreted insulin was not
sufficient to maintain a normal blood glycemia level. Therefore, all rats had hyperglycemia
(392.7 mg/dL). In the rats that ate only hemp seeds, blood glycemia decreased signifi-
cantly compared to the previous ones (225.2 mg/dL). It is thus assumed that the effects of
streptozotocin were inhibited by compounds found in hemp seeds.

Fructosamine (Figure 3d) was used as it is a useful test to verify glucose homeosta-
sis [83,84]. Generally, it is frequently used for the assessment of diabetes mellitus [85].
The term fructosamine is specific for all glycated proteins from serum. The formation of
fructosamine compounds is based on a non-enzymatic reaction [86]. As we see in Figure 3d,
fructosamine increased after STZ. This change is normal in diabetes and follows the same
trend as glycemia [83]. In the DHFG, the consumption of hemp seeds insignificantly de-
creased fructosamine concentration. Nevertheless, in this case the trend was the same as
that of glucose. In this respect, a possible explanation is PUFA hemp seeds. Yoshimura and
his coworkers have demonstrated that PUFAs decreased blood glucose concentration as
well as fructosamine [87]. Moreover, this modification can be produced via GLA, because
it is responsible for insulin sensitivity in rat muscle tissue and ultimately for diabetes
suppression [88-90].

5. Conclusions

In conclusion, our results show that the administration of hemp seeds can modify dif-
ferent biochemical parameters in rats. The significant decreases in glucose and cholesterol
concentrations after hemp seed consumption are the most relevant changes in this sense.
Once they occur, we can hypothesize that different active compounds, which are found
in higher quantity in hemp seeds and are recognized for their anti-diabetic effects, can
inhibit pancreatic (3-cell destruction, even if the mechanism remains unknown. The high
content of antioxidants such as phenol compounds, PUFAs, flavonoids and proteins may
be responsible for these health effects. Considering that the present research is a pilot study,
it would be necessary to investigate long-term effects with respect to flavonoids, specific
phenolic compounds, GLA and PUFAs to find which of them are responsible for these
health changes and the mechanisms underlying them. However, hemp seeds may represent
a healthy alternative for type 2 diabetes. Extrapolating the results to other animals and
humans will represent a necessary requirement.
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Abstract: Rare sugars have recently attracted attention as potential sugar replacers. Understanding
the biochemical and biological behavior of these sugars is of importance in (novel) food formulations
and prevention of type 2 diabetes. In this study, we investigated whether rare sugars may positively
affect intestinal and liver metabolism, as well as muscle insulin sensitivity, compared to conventional
sugars. Rare disaccharide digestibility, hepatic metabolism of monosaccharides (respirometry) and
the effects of sugars on skeletal muscle insulin sensitivity (impaired glucose uptake) were investigated
in, respectively, Caco-2, HepG2 and L6 cells or a triple coculture model with these cells. Glucose and
fructose, but not L-arabinose, acutely increased extracellular acidification rate (ECAR) responses in
HepG2 cells and impaired glucose uptake in L6 cells following a 24 h exposure at 28 mM. Cellular
bioenergetics and digestion experiments with Caco-2 cells indicate that especially trehalose (x1-1c), D-
Glc-a1,2-D-Gal, D-Gle-«1,2-D-Rib and D-Glc-a1,3-L-Ara experience delayed digestion and reduced
cellular impact compared to maltose («1-4), without differences on insulin-stimulated glucose uptake
in a short-term setup with a Caco-2/HepG2/L6 triple coculture. These results suggest a potential for
L-arabinose and specific rare disaccharides to improve metabolic health; however, additional in vivo
research with longer sugar exposures should confirm their beneficial impact on insulin sensitivity
in humans.

Keywords: rare sugars; diabetes; skeletal muscle; bioenergetics; cell research

1. Introduction

Diabetes is a metabolic disease that was estimated to affect more than 500 million
in 2021, with a further increase projected for the future [1]. In type 2 diabetes, as the
most common and lifestyle-dependent variant, the cellular actions of insulin including
its stimulatory effect on glucose uptake is impaired, resulting in increased blood glucose
levels (hyperglycemia) [2—4]. Metabolic abnormalities in diabetes may induce oxidative
stress, inflammation and production of advanced glycation end products (AGEs), which all
contribute to vascular damage and thereby increase the risk for cardiovascular diseases,
kidney failure and blindness [5,6]. Before diabetes is diagnosed, peripheral insulin sen-
sitivity is often already impacted, and lifestyle-related prevention is especially effective
in this prediabetic state [7]. Furthermore, prediabetes already increases the risk for vas-
cular complications [8]. In this context, sugar replacement is of interest, as (I) excessive
sugar intake may contribute to obesity as an important risk factor for type 2 diabetes,
(IT) low-glycemic index diets may decrease the risk for type 2 diabetes development, (III) a
lower intake of glycemic sugars could limit the high blood glucose people in people with
impaired insulin sensitivity and (IV) a mechanistic basis exists by which high amounts

Nutrients 2023, 15, 1593. https:/ /doi.org/10.3390/nu15071593 115 https:/ /www.mdpi.com/journal /nutrients



Nutrients 2023, 15, 1593

of fructose impact hepatic de novo lipogenesis and the development of hepatic insulin
resistance [9-12]. Relatively new candidates to substitute conventional sugars can be found
among rare sugars, which have been defined by the International Society of Rare Sugars as
‘monosaccharides and their derivatives that are present in limited quantities in nature’ [13].
Several studies have reported benefits of rare compared to conventional sugars such as a
slower digestion and reduced impact of isomaltulose on blood glucose levels compared to
sucrose [14].

The regulation of metabolic health to prevent metabolic abnormalities involves an
intensive interaction between the liver and skeletal muscles, which depends on available
metabolic substrates and inter-organ crosstalk [15,16]. Liver health impacts the ability of
skeletal muscles to maintain glucose homeostasis, which is crucial as (resting) skeletal
muscles are responsible for 75% of insulin-mediated whole-body glucose disposal and
regulate many metabolic health factors via secreted myokines [17,18]. Skeletal muscle
insulin resistance impairs this insulin-mediated glucose uptake and thereby increases the
glycemic effect of foods which for sugars depends partially on intestinal digestion speed
and resulting monosaccharide uptake, and partially on how fast glucose is cleared from the
circulation [19]. Additionally, glucose clearance in skeletal muscles is impacted by exercise,
which promotes insulin-independent uptake of glucose and temporarily improves insulin
sensitivity [20].

Insulin sensitivity is closely related to mitochondrial respiration. Mitochondrial dys-
function may contribute to insulin resistance due to inflammation, ROS production and
-oxidation impairment, whereas treatments to improve mitochondrial function also al-
leviate insulin resistance [21]. Furthermore, insulin as such improves the mitochondrial
function, which is prevented by palmitate as a known inducer of insulin resistance [22].
Insulin resistance is often characterized by a reduced metabolic flexibility as well, which is
the capacity to adapt fuel oxidation depending on the available substrates, such as glucose
and fatty acids; therefore, decreased metabolic flexibility is recognized as a predictor for
metabolic disease development [23]. Therefore, cellular bioenergetics, which is the study
of pathways via which cells generate and invest energy [24], is an interesting approach
to investigate insulin sensitivity, along with insulin-mediated glucose uptake. Cellular
bioenergetics can be studied with respirometry, using probes that measure oxygen and
protons [24], which result in an extracellular acidification rate (ECAR) as an indirect mea-
sure of anaerobic lactate production and oxygen consumption rate (OCR) as an indirect
measure of mitochondrial respiration. Metabolic stressors are often used to obtain further
insight in metabolic pathways by eliminating the metabolism of specific macronutrients or
by inhibiting the electron transport chain, as visualized in Figure 1. Hereby, respirometry
has revealed remarkable metabolic adaptations upon the replacement of glucose as the
dominant sugar in cell culture. For instance, chronic replacement of glucose by galactose
skewed muscle cells towards a more aerobic metabolism, a transition that was exclusively
observed in metabolically healthy myotubes and absent in post-diabetic myotubes [25].
However, knowledge on cellular adaptations upon chronic replacement of glucose by other
sugars is scarce.

In this study, we aim to investigate the impact of rare and conventional sugars on
metabolic health by studying (I) skeletal muscle insulin sensitivity, (II) acute sugar-induced
changes in cellular bioenergetics and (III) metabolic adaptation upon chronic exposure of
liver cells to particular monosaccharides.
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Figure 1. Effects of insulin and metabolic stressors on mitochondrial and macronutrient metabolism
(Biorender).

2. Materials and Methods
2.1. Materials

Caco-2, HepG2 and L6 cell lines were obtained from ATCC (Manassas, VA, USA). Dul-
becco’s Modified Eagle Medium (DMEM), Phosphate Buffered Saline (PBS), non-essential amino
acids, trypsin-EDTA and Penicillin/Streptomycin were purchased from Gibco (Paisley, UK). XF
base medium (with and without (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)),
Seahorse plates (24-well), Seahorse cartridges (24-well), Seahorse calibrant and mito-stress
assay kits were all obtained from Agilent (Machelen, Belgium). Fetal Bovine Serum (FBS)
and Trypan Blue were obtained from VWR (Leuven, Belgium). Cell culture flasks (25 and
75 cm?) and some cell culture plates (96-well, 6-well and 6-well coculture ThinCerts) were
obtained from Greiner (Vilvoorde, Belgium). Additionally, 24-well plates and Transwell
plates with 24-well insert were obtained from Novolab (Diebeke, Belgium), whereas 12-well
coculture inserts were purchased from Sigma-Aldrich (Overijse, Belgium). Human recom-
binant insulin, 2-deoxyglucose, glycerol, 2-mercaptoethanol, bovine serum albumin (BSA),
glucose, fructose, maltose (D-Glcp-«1,4-D-Glcp, 99% pure), galactose, mannitol, resazurin,
trishydroxymethylaminomethane (Tris), sulforhodamine B (SRB), horseradish peroxidase
and glucose oxidase from Aspergillus niger were also purchased from Sigma-Aldrich.
Rare disaccharides nigerose (D-Glcp-a1,3-D-Glcp, 88% pure), kojibiose (D-Glcp-«1,2-D-
Glcp, 99% pure), D-Glcp-al,2-D-Galp (96% pure), D-Glcp-oc1,2-D-Ribp (95% pure) and
D-Glep-«1,3-L-Arap (95% pure) were synthesized as described previously [26,27], whereas
trehalose (D-Glcp-a1,10-D-Glep, 99% pure) was kindly provided by Cargill (Mechelen,
Belgium). L-arabinose was obtained from Merck (Darmstadt, Germany). NaHCO3 and
glacial acetic acid and sodium acetate were obtained from Chem-Lab (Zedelgem, Bel-
gium). Dodecyl sulfate (SDS), 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
and OnGuard II Ag Crtgs were purchased from ThermoFisher (Merelbeke, Belgium).
Trichloroacetic acid (TCA) was purchased from Acros Organics (Geel, Belgium). DC
protein assay kit was purchased from Bio-Rad (Temse, Belgium).

2.2. Cell Culture and Exposure

Caco-2, HepG2 and L6 cells were cultured in DMEM with 25 mM (Caco-2 cells) or
5.5 mM glucose (HepG2 and L6 cells), supplemented with 10% heat-inactivated and sterile-
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filtered FBS, 1% non-essential amino acids and 1% Penicillin/Streptomycin. Furthermore,
alternative culture conditions were tested for HepG2 cells (5.5 mM galactose, 5.5 mM
fructose, 5.5 mM L-arabinose or 25 mM glucose as sole carbohydrate source), which were
applied for 2-3 weeks prior to cell seeding. Cells were incubated in a CO, incubator
(Memmert; VWR, Belgium) at 37 °C and 10% CO,, and the cell medium was refreshed
every two or three days. At 80% confluency, cells were trypsinized and split at a ratio of 1:3
(Caco-2), 1:5 (HepG2) or 1:10 (L6 cells). The cell suspension was mixed 1:1 with Trypan
Blue and cells were counted using a Biirker counting chamber (VWR; Leuven, Belgium).

Monocultures of HepG2, L6 and Caco-2 cells were seeded at a density of 3 x 10* cells
per well in 24-well Seahorse plates or 2 x 10* cells per well in 96-well plates. HepG2
and L6 cells were cocultured in a 24-well coculture setup, in which HepG2 cells were
seeded on the transwell insert and L6 cells in the basolateral compartment, both at a
density of 5 x 10*/well. Finally, triple cocultures with Caco-2, HepG2 and L6 cells were
established (Figure 2). In this setup, Caco-2 cells were seeded in the upper 12-well in-
serts at 1.5 x 10° cells per well, HepG2 cells were seeded in the middle 6-well inserts at
3 x 10° cells per well, and L6 cells on the bottom of the setup were seeded at 3 x 10°
cells per well in normal 6-well cell culture plates. Cell layers were divided by two metal
supports holding, respectively, the Caco-2 and HepG2 inserts. HepG2 and L6 cells were
used upon confluency, whereas Caco-2 cells were used after two weeks of differentiation.
The cells were exposed in sugar-free XF base medium with 3.7 g/L NaHCO3 and sugars of
interest at concentrations up to 28 mM for monosaccharides or 14 mM as the disaccharide
equivalent, as the only supplements.

Cell exposure

L6 monoculture 96-well

Insulin 1.67-1.67x10 plU/mL "
(200 L) in high glucose DMEM Glucose 5.5-25 mM (200 ul)

SR

L6 L6

HepG2/L6 coculture 24-well Caco-2/HepG2/L6 triple coculture 6-well

Monosaccharides 28 mM (200 pL) DisacehaTides/14;mMi(400 (L)

‘ ‘ | Caco-2

1, HepG2 ||

Sugar-free medium (2 mL)

L6

‘ Sugar-free medium (2 mLY —>
Apical HepG2

Basolateral L6 Sugar-free medium (1 mL)

Assay preparations after exposure

Glucose uptake from supernatant (all setups)

Insulin 1.67-50 plU/mL (0.2-2 mL) in high glucose DMEM

1 Washing with PBS
2 Exposure to glucose & insulin (24h)
3 Medium collection (20 pL)

@ -4

Figure 2. Schematic overview showing the different exposure conditions in the monoculture, cocul-
ture and triple coculture setup, as well as the preparation steps taken for the different methods to
determine insulin sensitivity.
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2.3. Development of Insulin Resistance Models

Cellular insulin sensitivity was investigated in multiple setups using various methods,
as visualized in Figure 2.

As a first experiment, the effect of insulin on glucose uptake was tested for a range
of insulin concentrations (1.67-1.67 x 10* uIU/mL). In a next step, the effect of 24 h
exposure to physiological (5.5 mM) versus high glucose (25 mM) was tested in a L6 96-
well monoculture model. These are the glucose concentrations that are typically found in
commercial DMEM cell culture media. This monoculture model was expanded by adding
HepG2 liver cells in a 24-well coculture setup. HepG2 cells were exposed for 24 h to
monosaccharides at 28 mM, allowing an indirect exposure of metabolized monosaccharides
on the L6 muscle cells. Finally, Caco-2 cells were added to the model, resulting in a 6-
well triple-coculture setup with Caco-2, HepG2 and L6 cells. In this model, Caco-2 cells
were exposed for 24 h to different disaccharides at 14 mM, and their impact on insulin-
stimulated glucose uptake and insulin pathway signaling was investigated in L6 muscle
cells. Following exposures in different models, an additional 24 h exposure to 25 mM
glucose in combination with 1.67 or 50 ulU/mL insulin was performed to determine
insulin-mediated glucose uptake from measurements of glucose concentration in the cell-
treated medium, as a measure for insulin sensitivity in L6 cells. In addition, alterations
of insulin-mediated aerobic and anaerobic responses following 24 h sugar exposure were
investigated using respirometry with a Seahorse XFe24 analyzer.

2.4. HPAEC-PAD Sugar Analysis to Study Digestibility of Rare Disaccharides

Medium samples of 20 uL were taken from the Caco-2 compartment of the triple
coculture model after 0, 2, 6 and 24 h of 14 mM disaccharide exposure. These samples
were diluted 1000 times in distilled water and 1 mL of diluted sample was filtered through
OnGuard II Ag Crtgs to remove negatively charged ions. Filtered samples were used
to determine glucose concentrations in the samples using high-pressure anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD) [28]. Sample analysis
was performed using a HPAEC-PAD system (Dionex ICS-3000, Thermo Scientific, (Merel-
beke, Belgium)) with a CarboPac PA20 pH-stable anion exchange column for carbohydrate
separation at a flow rate of 0.5 mL-min~!. An isocratic elution with 99% eluent B (100 mM
NaOH) and 1% eluent C (1 M NaOAc and 100 mM NaOH) was used for the first 9 min,
followed by 70% eluent B and 30% eluent C for 3 min. The initial eluent composition was
then restored to run samples for 1.5 min. Glucose concentrations were quantified using a
standard curve (1-30 uM) with an LOD of 0.14 uM and LOQ of 0.43 uM.

2.5. Aerobic and Anaerobic Metabolism

Respirometry experiments were performed with different setups and stressors as
visualized in Figure 3a. As visualized, respirometry was used for three different end points:
to characterize (I) the speed and potency of the effects of different (rare) disaccharides
on anaerobic responses in intestinal Caco-2 cells, as an indirect measure of brush border
digestion; (II) origin of ATP production (aerobic and/or anaerobic) upon short-term incu-
bation with different monosaccharides in HepG2 liver cells; and (I1I) insulin-stimulated
anaerobic glycolysis and maximal respiration in L6 cells within the context of skeletal
muscle insulin resistance. Examples of ECAR and OCR profiles with these setups, based
on our experimental data under standard conditions, are shown in Figure 3b.
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Figure 3. Overview figure for exposures and setups in cellular bioenergetics experiments. Subfig-
ures show the stimuli and stressors that were used in different setups (a) as well examples of general
responses to different stressors (b), based on our experimental data. Measures for calculation of ATP
rates are indicated in the graphs for the ATP rate assay.

2.5.1. General Seahorse Setup

In all setups, Seahorse cartridges were hydrated with 1 mL/well calibrant solution
and placed in a closed plastic bag with wet paper to prevent dehydration during a 24 h
incubation in an incubator at 37 °C. On the day of the assay, calibrant solution was refreshed
1 h before loading cartridges, and the injection ports of the cartridges were loaded with
treatment solutions at ten times the final concentration, with increasing volumes for each
port (A 20 uL, B 22 uL, C 25 pL and D 28 pL). Cells were placed on nutrient-free (no
glucose, glutamine or pyruvate) base XF medium with HEPES pH?7.4 for one hour under
CO;-free conditions at 37 °C. Immediately before the assay, cells were washed again and
received 180 pL sugar-free XF medium with HEPES. The Seahorse procedure was run with
fixed durations for all assays: three to five loops (fiver loops were only used for one of the
disaccharide digestion experiments) of mixing (£1 min), waiting (&2 min) and measuring
(&5 min) after each injection.

2.5.2. Origin of ATP Production: Setup and Calculations

The ATP rate assay (Agilent) was used to determine the amount and origin of ATP
production during exposures with glucose, fructose, galactose, L-arabinose and mannitol
in HepG2 cells, according to the manufacturer’s instructions. To investigate the impact of
monosaccharides on the ATP rate in standard HepG2 cells and cells that were chronically
exposed to alternative monosaccharides, they were injected at 10 mM. Next, the response
on oligomycin (1.5 uM) and rotenone/antimycin A (0.5 pM) was measured. ATP rates
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were calculated according to the assay manual [29] and Seahorse white papers [30], and
are based on changes within three readings (from the moment of injection until the final
measurement before the next injection is applied) after injection of sugars or stressors.
The mitochondrial energy production rate (ATPmito) is calculated as the component of
oxidative phosphorylation that is inhibited by introduction of oligomycin (OCR energy,
Figure 3 and Equation (1)), multiplied by the number of oxygen molecules (2) and the
phosphate per oxygen ratio (P/O is 2.75 on average, Equation (2)). Calculation of the
glycolytic ATP production rate requires the total proton efflux rate (PERtotal), which is
obtained by multiplying ECAR with the volume of the measurement chamber (5.65 puL
in 24-well format), volume scaling factor (1.19 uL in 24-well format) and the buffer factor
(depends on medium composition and sensor, can be determined manually, and should
be between 2.6—4, Equation (3)). OCRmito is then calculated as the part of OCR that is
inhibited after the introduction of both oligomycin and rotenone/antimycin A (Figure 3
and Equation (4)). PERmito is the CO,-dependent non-glycolytic proton efflux and can be
calculated by multiplying the mitochondrial OCR (OCRmito) with the CO, conversion fac-
tor, which Agilent determined to be 0.6 for the 24-well system (Equation (5)). The glycolytic
proton efflux rate (PERglyco) is calculated by subtracting the mitochondrial proton efflux
(PERmito) from the total proton efflux rate (PERtotal) (Figure 3 and Equation (6)), and is
the equivalent to the glycolytic proton efflux rate (PERglyco) (Equation (7)), in case the
medium and stressors indicated in the ATP rate manual protocol are used. Finally, the ATP
rate (ATPtotal) was calculated as the sum of the mitochondrial (ATPmito) and glycolytic
ATP production rate (ATPglyco) (Equation (8)).

OCRenergy = OCRbasal — OCRoligo (1)
ATPmito = OCRenergy x 2 x 2.75 (5.5 x OCRenergy) )
PERtotal = ECAR x 1.19 x 5.65 x 2.8 (18.8 x ECAR) 3)

OCRmito = OCRbasal — OCRrot/antA 4)
PERmito = OCRmito x 0.6 (5)
PERglyco = PERtotal — PERmito (6)
ATPglyco = PERglyco (7)
ATPtotal = ATPmito + ATPglyco 8)

2.5.3. Disaccharide Digestion

Caco-2 cells were exposed to disaccharides twice (15 or 25 min exposure each) within
the Seahorse running time, after which the anaerobic responses were stopped with 50
mM 2-deoxyglucose (Figure 3a). Cellular respirometry is usually performed with semi-
confluent cells, but we determined ECAR responses in a confluent layer of differentiated
Caco-2 cells to induce additional x-glucosidase expression.

2.5.4. Insulin-Mediated Responses and Insulin Sensitivity

L6 cells were exposed to insulin for 20 min at 50-1.67 x 10* uIU/mL. Then, a variant of
the mito-stress assay was performed with glucose as first injection, followed by oligomycin
(1.5 uM), FCCP (0.5 uM) and rotenone/antimycinA (0.5 uM) (Figure 3a). In experiments to
test the effect of high glucose pre-treatment on insulin-mediated responses, an additional
24-h glucose exposure at 28 mM was performed prior to the insulin exposure.

2.6. Insulin-Mediated Glucose Uptake Based on GOD-POD Measurements

A glucose oxidase-peroxidase (GOD-POD) mixture [31] was prepared by adding
50 mg ABTS, 45.23 mg glucose oxidase and 6.92 mg peroxidase in 100 mL 0.2 M acetic acid
(pH 4.5), which was stored in aliquots at —20 °C. The 50 pL undiluted cell-treated medium
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from L6 cells was added to a clear plate, after which 200 uL. GOD-POD reagent mixture
was added. The plate was incubated for 5 min at 37 °C and absorbance was measured at
420 nm. A glucose standard curve (0-2400 pM in distilled water) was prepared to quantify
the amount of glucose in cell-treated medium with a LOD and LOQ of 53 uM and 160 uM,
respectively. Glucose uptake was calculated for each exposure condition by subtracting the
calculated glucose content in cell-treated medium from the calculated glucose content in
medium from wells without cells as a blank.

2.7. Resazurin Assay for Cellular Reductase Activity

Resazurin stock solution (1 mg/mL in distilled water) was added to the cell medium
at 1:100 v/v [32]. The plate was incubated for two hours at 37 °C and fluorescence was
measured (Aexc/Aem = 560/590 nm) in a black 96-well plate.

2.8. Protein Correction

Results were corrected for protein content by performing an SRB assay [33] or BioRad
protein assay [34].

2.8.1. SRB Assay

After the assays, cells were fixated with 1:4 v/v 50% TCA in medium for at least 1 h
at 4 °C. The cells were washed with tap water at least three times and SRB solution was
added in excess. After 30 min, the plate was washed at least three times with 1% glacial
acetic acid. Next, the protein-adhered SRB stain was dissolved by adding 200 pL 10 mM
Tris and pipetted up and down to homogenize the stain. Absorbance was measured at
490 nm.

2.8.2. Lysate Preparation and Bio-Rad Protein Assay

After 24 h exposure, L6 cells were first washed with cold PBS and 600 pL Laemmli
buffer (1.5x) was added per well. Then, the cell layer was disrupted with cell scraper and
the lysate was transferred to an Eppendorf tube and centrifuged for 10 min at 14,000 rpm
and 4 °C. The supernatant was transferred to a second Eppendorf tube on ice, and stored at
—20 °C prior to analysis. Protein content of the lysates was determined with the Bio-Rad DC
protein assay according to the manufacturer’s instructions. Standard curves (0.2-3 mg/mL)
were constructed from bovine serum albumin (BSA) standard solution, showing a linear
relationship between absorbance and protein content with a LOD and LOQ of 0.09 and
0.27 mg/mL, respectively. Absorbance at 750 nm was measured after 15 min incubation of
the lysate with the reaction mixture.

2.9. Statistics and Calculations

Statistical analyses were performed with SPSS 26 using a significance cut-off of p < 0.05.
Levene’s tests were performed to check for homogeneity of variance. Conditions were
compared with one-way analysis of variance (ANOVA), using the Tukey correction for ho-
mogeneous data or Games-Howell correction for non-homogenous data. As an exception,
the significance of changes in glucose concentrations (HPAEC-PAD data) was determined
within exposure conditions using two-way ANOVA, with time and concentration as input
parameters. Mitochondrial, glycolytic and total ATP rates were calculated as explained
stepwise in the paragraph on ‘aerobic and anaerobic metabolism’. Insulin concentrations
were converted from pM to ulU/mL using a conversion factor of 6, based on the molecular
weight of 5808 kDa.

3. Results
3.1. Disaccharide Digestion and Related ECAR Responses in Intestinal Caco-2 Cells
Respirometry was used to study how gradual glucose release from easily and slowly

digestible disaccharides impacts ECAR responses. In differentiated Caco-2 cells, injection
of 10 mM glucose and to a lesser degree 5 mM maltose resulted in an increase in ECAR,
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whereas no response was observed with 10 mM of the mannitol control or kojibiose and
trehalose at 5 mM (Figure 4). A second injection at three times the initial concentration
did not have clear additive effects. Sugar-induced ECAR responses were stopped upon
injection of 50 mM deoxyglucose. The absence of an increase in ECAR with kojibiose and
trehalose suggests that these rare sugars have a reduced metabolic impact compared to
glucose, most likely related to delayed digestion.
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Figure 4. The effect of disaccharide injections on protein-corrected ECAR responses in differ-
entiated Caco-2 cells. Subfigures (a,b) show the ECAR profiles of individual experiments with
3-5 replicates per condition, whereas (c) shows the boxplots for the 10 min ECAR increase upon
injection of 10 mM sugar and consists of the pooled data from graphs (a,b). The assay medium at the
start of the assay consisted of XF base medium, without sugars, L-glutamine or pyruvate. B indicates
a statistically significant (p < 0.05) difference compared to the mannitol control, whereas A indicates
that there is no significant difference compared to mannitol.

HPAEC-PAD glucose quantification showed differences in glucose release for different
rare disaccharides. Maltose digestion resulted in a significant increase in glucose concentra-
tions in the Caco-2 medium, which was not observed for the mannitol or rare disaccharides
(Figure 5). This pronounced increase in medium glucose concentrations during maltose
exposure suggests that the release of glucose exceeds cellular uptake, highlighting that this
sugar is more easily digested than the rare disaccharides. Kojibiose and nigerose digestion
resulted in stable glucose concentrations over time, whereas a decrease in glucose concen-
trations was observed during 24-h exposure to trehalose and the analogues of kojibiose
(D-Glc-«1,2-D-Gal and D-Glc-«1,2-D-Rib) and nigerose (D-Glc-c1,3-L-Ara). The stable
glucose concentrations during kojibiose and nigerose exposure suggests that these sugars
are digested at an intermediate rate, whereas a decrease in glucose concentrations suggests
slow digestion of a sugar, insufficient to supply the cells with basal levels of glucose.
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Figure 5. Changes in glucose concentrations within 24 h, following disaccharide exposures in a
Caco-2/HepG2/Lé6 triple coculture model. This figure visualizes the glucose concentration in the
Caco-2 medium, sampled at 0, 2, 4 and 24 h exposure. Data were generated from four different wells
(each from a separate plate) per condition with * indicating a statistically significant (p < 0.05) change
in glucose concentration within 24 h. Arrows indicate the direction (increase versus decrease) of the
significant changes in glucose concentration.

3.2. Effects of Chronic Monosaccharide Exposure on Energy Metabolism in HepG2 Liver Cells
3.2.1. Cell Growth and Morphology

To study which aspects of the cellular metabolism are impacted by chronic exposure
to only glucose, galactose, fructose and L-arabinose, chronically exposed HepG2 cells were
characterized in terms of their basal state (in the absence of nutrients) and after additional
exposure to the different monosaccharides (pre-treatment + extra 24-h exposure to different
monosaccharides) using resazurin conversion and respirometry. Replacement of glucose by
other monosaccharides reduced the growth rate of HepG2 cells, with the largest decrease
following chronic L-arabinose exposure (at least four-fold slower, based on cell count and
time till £80% confluency), and an intermediate cell growth (two-to-three-fold slower)
following chronic exposure to galactose and fructose. Two days after splitting, cells that
were chronically exposed to fructose, galactose or L-arabinose were in a different stage
of growth with a different morphology (Figure 6), although they eventually obtained
‘normal’ HepG2 morphology as confluency increased. These findings suggest that cells
grow most efficiently in a glucose-containing medium, but are able to adapt to the presence
of other sugars.
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Figure 6. Morphology of HepG2 cells following chronic exposure to 5.5 mM glucose (a), galactose (b),
fructose (c) or L-arabinose (d). Microscopic pictures (10x magnification) were taken after 2 weeks of
culture in the different media and 2 days after splitting. Cell growth on alternative media is indicated
as % compared to glucose, based on cell count and time until +80% confluency. Chronic exposures
were performed in sugar-free medium with FBS and L-glutamine.

3.2.2. Resazurin Conversion

Chronic exposure to alternative monosaccharides at 5.5 mM altered protein-corrected
resazurin conversion in HepG2 cells as well, although the same monosaccharides at 28 mM
(glucose and fructose) provided stimulatory 24 h energy effects (compared to mannitol)
in all chronically pre-treated HepG2 cells (Table 1). Galactose approached the fructose
and glucose response specifically in cells that were chronically pre-treated with galactose,
suggesting an adaptation to the presence of galactose. Galactose pre-treated cells also
produced more energy than the traditionally cultured HepG2 cells (with 5.5 mM glucose)
during all of the 24 h exposures (including mannitol) (Table 1), indicating an alteration of
the basal cellular metabolism. These increased responses were also observed in L-arabinose
pre-treated cells, except during exposure to L-arabinose. Fructose pre-treated HepG2 cells
responded more strongly to specifically a glucose exposure compared to traditionally
cultured cells.

Table 1. Protein-corrected resazurin conversion in HepG2 cells cultured in media with 5.5 mM
monosaccharides (glucose, fructose, galactose or L-arabinose) following 24 h exposure to these
different sugars, presented as % compared to mannitol exposure in glucose pre-treated HepG2 cells.
Data were generated from 3 experiments with a total of 18 replicates and are presented as mean +
standard deviation with * indicating a statistically significant (p < 0.05) effect of the monosaccharide
exposure compared to mannitol and # indicating an effect of the pre-treatment compared to glucose.

Chronic Pre-Treatment (5.5 mM)

Glucose Fructose Galactose L-arabinose
24 h Exposures RESAZURIN/SRB RATIO %
Mannitol 100 £ 15 118 £+ 32 146 + 28 # 137 + 42 #
Glucose 158 £ 24 * 204 + 39 * # 204 £25* # 195 + 40 * #
Fructose 150 £39* 171 £32* 184 £43*# 207 £ 45* #
Galactose 105 £ 16 128 + 34 180 £ 43 # 150 £ 26 #
L-arabinose 101 £ 19 117 £ 26 124 £ 27 # 113 £ 26
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3.2.3. Acute OCR and ECAR Responses to Sugar Injections in Galactose Versus Glucose
Pre-Treated Cells

To study differences in cellular metabolism and contribution of glycolysis and /or mito-
chondrial respiration on in vitro ATP production of structurally different monosaccharides,
more specific glucose, fructose, galactose and L-arabinose, and ATP rates were determined
with respirometry. In HepG2 cells long-term pre-treated with 5.5 mM glucose or galactose,
injection of 10 mM glucose or fructose resulted in an acute and direct increase in ECAR
and glycolytic ATP production, which was not observed upon mannitol, galactose or L-
arabinose injection (Figure 7a,b,e,f). Injection of glucose, but not fructose, also resulted in a
significant increase in the total ATP production rate (Figure 7e,f). Galactose and L-arabinose
did not alter any of the ATP rates in either glucose or galactose pre-treated HepG2 cells,
suggesting that these sugars have little impact on the liver metabolism. Oligomycin further
increased anaerobic glycolysis slightly in cells exposed to glucose, but had a significantly
different impact on cells exposed to fructose, in which it reduced anaerobic glycolysis
(Figure 7a). HepG2 cells pre-treated with galactose had higher basal OCR and lower ECAR
levels before injection of the sugars, suggesting that these cells are in a more aerobic state.
Upon injection of glucose, these cells also provided more potent ECAR responses and
experienced a more pronounced decrease in OCR (Figure 7).
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Figure 7. The acute response to different sugars at 10 mM in HepG2 cells cultured under standard
conditions (5.5 mM glucose, (a,c,e)) and after chronic galactose (5.5 mM, (b,d,f)) pre-treatment.
Subfigures show the protein-corrected effects on the ECAR profile (a,b), the OCR profile normalized
to the basal level in control cells (¢,d) and ATP rates as % of total ATP rate during mannitol exposure
(e,f). The assay medium at the start of the assay consisted of XF base medium, without sugars,
L-glutamine or pyruvate. Data were generated from a total of eight wells per condition spread
over two plates (a,c,e), or from four wells of a single plate (b,d,f)). * indicates statistical significance
(p < 0.05) compared to the mannitol response.

3.3. Insulin Sensitivity and Glucose Uptake in L6 Muscle Cells

To investigate how sugars impact insulin sensitivity in skeletal muscle cells, insulin-
stimulated glucose uptake was determined, starting with a L6 monoculture and gradually
building a Caco-2/HepG2/L6 triple coculture model.

3.3.1. Insulin-Mediated Glucose Uptake Determined with the GOD-POD Assay

Insulin (24 h exposure) increased glucose uptake in L6 muscle cells, starting from
concentrations of 1.67 plU/mL (Figure 8a). In an experiment to test the impact of a
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hyperglycemic environment on insulin sensitivity in L6 cells, exposure to 25 mM glucose
for 24 h significantly reduced (£23%) insulin-stimulated glucose uptake, compared to cells
exposed to 5.5 mM glucose (Figure 8b). In a HepG2/L6 coculture using the same exposure
regimen, 24 h exposure to glucose or fructose at 28 mM reduced glucose uptake in L6 cells
by 25 to 35%, while L-arabinose did not have an effect (Figure 8c). These findings suggest
that L-arabinose, unlike glucose and fructose, does not induce skeletal muscle insulin
resistance in the HepG2 /L6 coculture model. In the triple coculture with intestinal, liver
and skeletal muscle cells, no significant differences in insulin-mediated glucose uptake were
observed in L6 cells following a 24 h exposure (at Caco-2 level) to different disaccharides at
14 mM (Figure 8d).
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Figure 8. The effect of sugars and insulin on insulin-mediated glucose uptake in L6 cells determined
with the GOD-POD assay, using models with different complexity. (a) Shows the effect of insulin
on glucose uptake from an experiment with six replicates from a single plate. The other subfigures
show how 24 h pre-treatment with monosaccharides (28 mM) or disaccharides (14 mM) impact
insulin-mediated (50 pIU/mL) glucose uptake in a L6 monoculture model ((b): three independent
plates for a total of nine replicates), HepG2/L6 coculture model ((c): two independent plates for a
total of eight replicates) and Caco-2/HepG2/L6 triple coculture model ((d): at least three replicates
per condition). Data were corrected for SRB (a—c) or average protein concentration within conditions
measured with the Bio-Rad DC protein assay (d), and are presented as mean =+ standard deviation
with * indicating significant differences (p < 0.05) compared to the mannitol control.

3.3.2. Insulin Sensitivity Determined with Cellular Bioenergetics

In an experiment to test the effects of insulin pre-treatment on glucose-induced ECAR
in L6 cells, the physiological insulin concentration of 50 pIU/mL was found to signifi-
cantly increase the glucose-induced ECAR response by 36%, whereas the glucose-induced
response was only 16% and not significantly higher after 1.67 x 10* uIU/mL insulin pre-
treatment (Figure 9a,b). High glucose (28 mM) pre-treatment for 24 h did not significantly
affect the insulin-stimulated glucose-induced ECAR response, as this response was only
lowered in one of the repetitions. Insulin did not impact the glucose-induced OCR response
or the ECAR and OCR responses to the mitochondrial stressors oligomycin, FCCP and
rotenone/antimycinA (Figure A1).
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Figure 9. The effect of insulin concentrations and high glucose pre-treatment on the glucose-induced
ECAR response in L6 cells. Subfigures show the protein-corrected glucose-induced ECAR response
as a Seahorse profile (a) and a bar graph. (b) The assay medium at the start of the assay consisted of
XF base medium, without sugars, glutamine or pyruvate. (b) Shows bars for the 10 min (gray before
bar) and 15 (black after bar) minute timepoint. Data were generated from 2 independent plates for a
total of 10 wells per condition, and are presented as mean =+ standard deviation with * indicating
significant differences (p < 0.05).

4. Discussion

We investigated how (rare) sugars impact physiological processes in the gut-liver—
muscle axis controlling the glycemic index, more specifically, (I) their brush border diges-
tion, (II) their impact on acute and adaptive metabolic responses to the monosaccharides
entering the liver and (III) their effect on skeletal muscle insulin sensitivity. Hereby, the
research builds further upon the current knowledge on rare sugars and the existing in vitro
models for testing cellular impact of nutrients. Currently, there is only a small number
of rare sugars for which the metabolic health impact is known, as mentioned in recent
reviews [35,36], and this is the first study to investigate metabolic health effects of the
rare sugars D-Glc-«1,2-D-Gal, D-Gle-«1,2-D-Rib and D-Glc-«1,3-L-Ara. In addition, this
study has used cellular energetics to obtain knowledge on cellular effects of disaccharides,
whereas previous research has mainly focused on conventional monosaccharides [25,37].
Lastly, this study introduces a new triple coculture model and new assay combinations
to evaluate skeletal insulin muscle sensitivity in vitro, along with suggestions to improve
the model further. Using these approaches, we achieved (I) the identification of differen-
tial effects of both conventional and rare disaccharides on the energy metabolism, and
(II) improved understanding of how specific monosaccharides impact energy metabolism
following acute and chronic exposures, demonstrating differences in metabolic flexibility
upon chronic exposure to structurally different monosaccharides.

4.1. Rare Disaccharides Are More Slowly Digested than Maltose

Respirometry and HPAEC-PAD glucose quantification indicate differences in digestion
between disaccharides in Caco-2 cells, reflected by ECAR responses and changes in glucose
concentrations over time. The ECAR responses highlight the importance of the glycosidic
bond for digestibility, explaining the more delayed digestion of kojibiose and especially
trehalose. This is confirmed by the HPAEC-PAD findings, while these analyses also showed
that the monosaccharide composition has an impact. Although the decreased glucose levels
upon exposure to D-Glc-«1,2-D-Gal, D-Glc-«1,2-D-Rib and D-Glc-a1,3-L-Ara could be
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related to the fact that only one molecule of glucose is released during their digestion, we
have previously demonstrated that cellular ATP production and the change in disaccharide
concentration over time is similar for these sugars in comparison to a mannitol control [38].
Therefore, the decrease in glucose concentration during exposure to Glc-«1,2-D-Gal, D-Glc-
«1,2-D-Rib and D-Glc-a1,3-L-Ara is most likely a result of both a lower glucose content
of the sugar and delayed digestion. Our findings for maltose, kojibiose and trehalose
support the ranking of these glucobioses based on their digestibility with rat intestinal
extract [39]. These differences may translate to a reduced glycemic effect of kojibiose
and trehalose, relevant in the diabetes context. However, inducibility of brush border
enzymes may impact digestion, and it is not yet known whether the tested rare sugars
can induce expression of brush border enzymes as described for maltose at 12.5 mM [40].
Diet composition with different macronutrients, fibers and bioactives may impact glycemic
responses to specific sugars in vivo, which is an aspect that is not included in this study [41-
43]. Furthermore, inter-personal differences in brush border expression impact glycemic
responses in vivo, and are highly relevant for trehalose digestion as intestinal trehalase
expression differs considerably between individuals [44]. As a consequence, blood glucose
responses to trehalose are small in individuals with low trehalase activity and significantly
higher in individuals with high trehalase activity [44].

4.2. Different Sugars Influence Short-Term Aerobic and Anaerobic Hepatic Metabolism

Differences in disaccharide digestion result in a different flow of monosaccharides
to the liver. Our results suggest that these monosaccharides provide different acute ef-
fects on cellular metabolism in the liver, with increased ATP production from glucose
and fructose mediated via anaerobic glycolysis. These findings can be linked to studies
reporting that glucose and fructose contribute to lactate production, which is less the case
with galactose [45—48]. The absence of an acute sugar-induced increase in mitochondrial
ATP production may be explained by the cancerous nature of the cells with a tendency
to be more dependent on glycolysis [49], access to alternative (non-sugar) substrates that
are depleted after longer exposures and in the case of galactose, an inefficient galactose
metabolism in HepG2 cells [48]. Sugars with a larger acute impact on liver metabolism
such as glucose and fructose may not be problematic in moderate amounts, but should
not exceed amounts that can be metabolized for energy production, as excessive hepatic
acetyl-CoA beyond energy may be used for synthesis of cholesterol and triglycerides with
adverse influences on metabolic health [50]. This has been observed in interventions with
high concentrations of fructose [51], and upon skeletal muscle insulin resistance when
accumulation of blood glucose increases the flow of glucose to the liver [16]. It should be
mentioned that ATP production measured with the Seahorse is different from the intracel-
lular ATP content, which can be depleted following high-fructose exposures, potentially
resulting in excessive uric acid production as metabolite contributing to oxidative stress and
endothelial dysfunction [52,53]. Measurement for these adverse effects are not included in
our setup.

4.3. Chronic Replacement of Glucose in the Culture Stage Alters the Hepatic Energy Metabolism

Using different applications of cellular bioenergetics, we observed that chronic ex-
posure to specific monosaccharides alters basal metabolism and sugar-specific responses,
indicative of altered capacities to metabolize metabolic substrates. Although more relevant
in the context of metabolic diseases than a single acute dose response, chronic exposure
is rarely investigated using cellular in vitro models. The few previous studies on chronic
exposure to particular monosaccharides showed that monocultures of L6 and HepG2 cells
become more responsive to mitochondrial toxicants following chronic pre-treatment with
galactose [48,54]. Our observations suggest that chronic monosaccharide exposures also
impact other aspects (e.g., anaerobic glycolysis) of the cellular energy metabolism and
could be relevant in the metabolic health context.
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A major finding from both the respirometry and resazurin experiments is that HepG2
cells always (independent of the monosaccharide pre-treatment) respond significantly
to glucose and fructose, though not to L-arabinose. These findings confirm the non-
metabolizable nature of L-arabinose [55] and show that metabolic conversion of this sugar
cannot be induced by chronic exposure to L-arabinose. However, multiple other responses
are altered upon chronic exposures and can be divided in general metabolic adaptations
and sugar-specific responses.

General adaptations include the increase in basal aerobic metabolism (cellular bioener-
getics) in cells pre-treated with galactose, as well as the higher basal energy production
(resazurin assay) in cells chronically exposed to galactose or L-arabinose. These changes
suggest that chronic exposure to galactose and L-arabinose skews cells towards a more
efficient aerobic metabolism. The adaptation towards a more aerobic metabolism could
be the result of an improved mitochondrial function and may either be an effect of the
sugars themselves or an effect caused by glucose retraction, thereby forcing cells to use
other substrates present in the medium [48] (such as glutamine and other amino acids) or
energy stores inside the cells (such as glycogen, fatty acids and proteins). In this context,
mitochondrial function is an important indicator for metabolic health that is improved
by insulin [22]. Improved mitochondrial function may facilitate fatty acid oxidation and
thereby prevent accumulation of intrahepatic and intramuscular fatty acids capable of
inducing local insulin resistance [56,57]. In contrast, hyperglycemia impairs mitochondrial
function in cardiomyocytes and rabbit liver [58,59]. However, it should be mentioned
that cancerous nature of our cell lines may be partly responsible for the relatively inactive
mitochondrial metabolism in cells pre-treated with glucose, since cancer cells rely more on
anaerobic glycolysis even when oxygen is present [49].

Interesting sugar-specific responses include (I) altered glucose-induced ECAR and
OCR response in galactose pre-treated cells (cellular bioenergetics), (II) a large response
to galactose upon galactose pre-treatment (resazurin assay) and (III) an increase in energy
generated from glucose in cells pre-treated with fructose (resazurin assay).

Chronic exposure to galactose induced a number of changes related to the glucose
metabolism, which was visible as a (I) higher glucose-induced ECAR response, (II) a
larger glucose-induced decrease in OCR and (III) a larger difference between the acute
glucose-induced and fructose-induced ECAR response. Together, these findings suggest
that chronic galactose exposure improves the capacity of cells to metabolize glucose, which
could be explained by an increase in glucose uptake and mitochondrial capacity, and
contributes to improved glucose handling [60]. Improved handling of glucose may prevent
hyperglycemia, as illustrated in vivo by rapid glucose clearance in athletes (who generally
have a high mitochondrial capacity, large glycogen stores and above average muscle
mass) during hyperinsulinemic-euglycemic clamps [61]. Enhanced hepatic glycolysis as
we observed following chronic galactose pre-treatment can result in lower blood glucose
levels via consumption of glucose and inhibition of hepatic gluconeogenesis via the enzyme
fructose-2,6-biphosphate [62]. This finding may also be an indication of improved metabolic
flexibility following chronic galactose pre-treatment, considering the enhanced switch from
aerobic metabolism to anaerobic glycolysis. Collectively, cellular alterations upon chronic
glucose replacement can impact health by improving metabolism of metabolic substrates,
most importantly glucose and fatty acids. However, it should be mentioned that substrate
availability will not be affected as much in vivo, even upon permanent replacement of
dietary sugars, considering glucose present in the circulation and a variety of nutrients
provided by the diet.

The alterations of sugar-specific responses observed with the resazurin assay cannot
be coupled directly to metabolic health, but can potentially be explained by changes in
enzymatic activity. Chronic exposure to galactose resulted in 75% more resazurin conver-
sion than chronic exposure to glucose when extra galactose is added to the cells, which
may, along with a higher basal metabolism, be the result of the upregulation of enzymes
involved in the Leloir pathway, as reported in yeast when galactose is present as the only
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carbohydrate source for an extended period [63]. Davit-Spraul et al. reported that a similar
adaptation occurs in HepG2 cells, resulting in enhanced conversion of galactose to glucose
as well as an increased activity of galactose-1-phosphate-uridyltransferase (GALT) and
glucose-6-phosphate-dehydrogenase (G6PDH) as important enzymes within galactose
metabolism [64]. Likewise, the increased glucose response following chronic fructose
exposure—despite the initially similar basal energy levels—could be explained by the stim-
ulation of hepatic glucokinase, as it has been reported that this enzyme is stimulated even
by small amounts of fructose/fructose-1-phosphate, resulting in an increased formation of
glycolytic intermediates [65].

4.4. Sugars Differentially Impact Skeletal Muscle Insulin Sensitivity?

Insulin treatment reduces glucose concentrations in the cell medium, and hence
enhances glucose uptake in muscle cells, which is in line with the well-described cellular
role of insulin [66]. Cellular respirometry with L6 cells confirms that insulin successfully
increased cellular uptake and metabolic conversion of glucose, as insulin pre-treatment
increased the glucose-stimulated ECAR response in L6 cells. Whereas insulin was effective
in stimulating glucose uptake, pre-treatment with 25 mM glucose resulted in a reduced
glucose uptake of +25% in the presence of insulin compared to cells pre-treated with 5.5 mM
glucose, suggesting that high glucose exposure was able to trigger insulin resistance, in
line with previous publications using L6 muscle cells or adipocytes [67,68]. Although these
monoculture effects on glucose uptake and the insulin signaling pathway are a confirmation
of previous knowledge, we also studied the impact of different sugars on insulin sensitivity
using a coculture model of intestinal, hepatic and skeletal muscle cells.

Glucose and fructose exposure at the HepG2 level in a HepG2/L6 coculture had a
similar inhibitory effect on glucose uptake in L6 cells despite the indirect exposure, showing
that the effect is not specific for glucose and that the hepatic metabolism may contribute
to peripheral insulin resistance as well. It is unclear which mechanism would mediate
skeletal muscle insulin resistance in our setup, but it is known that interruption of the
hepatic parasympathetic reflex (preventing release of hepatic insulin-sensitizing substance)
and antagonism of hepatic nitric oxide synthase can both cause skeletal muscle insulin
resistance [69]. In addition, inflammatory cytokines and saturated fatty acids can contribute
insulin resistance in skeletal muscle [70], and may be produced by the liver upon high
sugar exposures [71]. The absence of an insulin resistance response to L-arabinose exposure
suggests that this sugar and sugars containing L-arabinose may be healthier alternatives.

In the triple coculture, however, an effect of disaccharides (including maltose) on
insulin-mediated glucose uptake was not visible, which may be explained by higher
background concentrations of glucose in this setup. This may mask effects in the triple
coculture models compared to the other models, since disaccharides provide more subtle
effects due to the delayed release of monosaccharides. Furthermore, the absence of an effect
could be due to the intestinal layer reducing the impact of the sugars on the skeletal muscle
cells, for example, by metabolizing part of the monosaccharides and thereby reducing the
impact of sugars on cocultured liver and skeletal muscle cells. In this latter scenario, the
in vivo impact of all the tested disaccharides may be limited as well. Other experimental
setups in which longer and/or repeated exposures are applied in media with a small
background of glucose may then be required to detect relatively subtle differences between
disaccharides. It is important to note that the physiology of Caco-2, HepG2 and L6 cells
was not affected by coculture, which potentially allows those extended exposures.

In this context, it is important to realize that glucose homeostasis in vivo is impacted
by the intestinal microbiota as well [72]. It has been shown that certain rare sugars, such as
D-Glc-«1,3-L-Ara and kojibiose can have prebiotic effects [73], thereby further enlarging
their potential as sugar replacers with a more beneficial impact on glucose homeostasis. In
contrast, trehalose as one of the more beneficial sugars regarding delayed glucose release
in our study was previously found to promote growth of pathogenic gut bacteria and
adversely impact alpha diversity of the gut microbiota [73,74]. The microbial aspects should
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be part of the final evaluation of the health potential of a specific rare sugar. Likewise,
other safety aspects have to be taken into account. Rare sugars such as trehalose can impair
cellular uptake of conventional sugars [75], which theoretically could both be beneficial
in decreasing their adverse metabolic impact and be problematic by reducing glucose
availability for glucose-dependent tissues (such as erythrocytes). Currently, there is mostly
scientific evidence for the beneficial impact of reducing cellular uptake of conventional
sugars such as the glucose-lowering effect of allulose and the anti-cancer effect of allose via
interference with the tumor glucose metabolism [76,77].

4.5. Rare Sugars with the Largest Health Potential

Our findings on disaccharide digestion, energy metabolism and insulin sensitivity
have contributed to some insights in the health perspectives of rare sugars. Firstly, L-
arabinose showed no adverse impact on energy metabolism or insulin sensitivity in our
models, and although they are not per se rare in nature, we demonstrated that a nigerose
analogue with L-arabinose also lacks the adverse metabolic effects associated with con-
ventional sugars. Furthermore, we have shown that multiple rare disaccharides display
considerably delayed digestion rates, amongst which D-Glc-«1,2-D-Rib and D-Glc-«1,3-L-
Ara may be especially promising because of their delayed digestion and unconventional
monosaccharide composition. Nevertheless, the full potential of these sugars remains to be
determined in in vitro insulin sensitivity experiments with repeated exposures and finally
in vivo.

4.6. Model Suitability and Future Perspectives

Coculture models were used to mimic inter-organ crosstalk and the complexity of
metabolic health. Although our cell models cannot simulate whole-body metabolism,
the intestine, liver and skeletal muscle are arguably the most important tissues for sugar
metabolism and digestion, as well as the organs necessary to simulate hepatic and pe-
ripheral insulin resistance as the primary diagnostic criteria for diabetes [6,78,79]. The
addition of adipocytes, immune cells, pancreatic (3-cells and glucose-dependent tissues
(e.g., erythrocytes) may strengthen the model further. Furthermore, chronic (as performed
in HepG2 monocultures) and repeated sugar exposures in coculture models may provide
additional insight in metabolic health.

L6 myotubes of rat origin are a frequently used model to study insulin sensitiv-
ity [80,81]. Although rats differ from humans, Wistar rats can develop insulin resistance
following exposures that impact insulin sensitivity in humans [82]. Although L6 my-
otubes have increased expressions of glucose transporters compared to primary human
myocytes [83], insulin resistance in skeletal muscle cells is more closely related to alterations
in GLUT4 translocation than GLUT4 expression [67]. Nevertheless, comparative studies
reported that L6 rat myotubes also experience a larger insulin-mediated effect on glucose
uptake than primary human skeletal muscle cells [83,84]. However, GLUT4 expression
necessary for the pronounced insulin-dependent glucose uptake in L6 myotubes is obtained
during differentiation of the cells [85], whereas our cells were likely not fully differentiated.
Our L6 cells have been exposed under serum-free conditions, but were not pre-treated with
standardized low serum conditions that induce differentiation [85]. Therefore, our L6 were
still in a myoblast stage and this model will underestimate rather than overestimate the
insulin-dependent glucose uptake in primary human skeletal muscle cells, as confirmed
by our finding that insulin increased glucose uptake only two-fold. This reduced window
of effect may partly explain why no effects of disaccharides on insulin sensitivity were
observed in the triple coculture model, and highlights the importance of future research
with models having a confirmed potent GLUT4 expression.

Final experiments were performed under physiological conditions which include
culturing (I) HepG2 and L6 cells on 5.5 mM glucose as normal glucose concentration in the
bloodstream [86]; (II) using insulin concentrations within the normal range for fasted (£8.3
ulU/mL) and stimulated (67 pIU/mL after an oral glucose challenge) conditions [87]; and
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(IIT) performing intestinal exposures with disaccharides at 14 mM, which is well below
luminal glucose peak concentration observed after a meal [88]. In contrast, experiments
building up to the triple coculture involving direct exposures to L6 and HepG2 cells were
performed with a sugar concentration (28 mM) that exceeds portal vein glucose concentra-
tions found in feeding trials (8 mM) [89]. Moreover, this concentration is higher than the
cut-off value for the diagnosis of diabetes determined 2 h after an oral glucose challenge
(11.1 mM) [86], which may explain the rapid development of metabolic complications in
these cell models. These high monosaccharide exposures were used to test if metabolic
complications could be induced in a worst-case scenario and serve as preparations for the
disaccharide comparison in coculture models with an intestinal compartment.

5. Conclusions

Insulin resistance in skeletal muscles contributes to type 2 diabetes development
by interfering with peripheral glucose uptake, although it is not completely understood
whether and how different sugars impact insulin resistance. Our results demonstrate
that glucose and fructose, unlike L-arabinose, are metabolized efficiently in an anaerobic
manner in HepG2 cells and are capable of interfering with skeletal muscle insulin resistance
when exposed for 24 h at high concentrations in a muscle or liver/muscle model. The rare
disaccharides trehalose, D-Glc-«1,2-D-Gal, D-Glc-o1,2-D-Rib and D-Glc-«1,3-L-Ara are
slowly digested in comparison to maltose, and the glucose released upon their digestion is
unlikely to adversely impact insulin sensitivity. However, the direct link between intestinal
disaccharide digestion rate and insulin sensitivity could not be made as none of the tested
disaccharides induced skeletal muscle insulin resistance in the gut/liver/muscle model.
Therefore, repeated exposures in realistic in vitro models and finally in vivo experiments
are needed to further investigate this hypothesis. The most promising rare sugars would
need to be subjected to well-designed clinical trials, and their integration in the diet needs
to take both multi-endpoint health aspects among different target groups of consumers, as
well as food production aspects, into account.
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Figure A1. The effect of a 20-min insulin (100 nm) pre-treatment on ECAR (a) and OCR (b) responses
following injection of glucose, oligomycin, FCCP and rotenone/antimycinA in L6 cells. Data were
generated from experiments with 2 independent plates for a total of 10 wells per condition.
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Abstract: Obesogenic environments such as Westernized diets, overnutrition, and exposure to
glycation during gestation and lactation can alter peripheral neuroendocrine factors in offspring,
predisposing for metabolic diseases in adulthood. Thus, we hypothesized that exposure to obesogenic
environments during the perinatal period reprograms offspring energy balance mechanisms. Four
rat obesogenic models were studied: maternal diet-induced obesity (DIO); early-life obesity induced
by postnatal overfeeding; maternal glycation; and postnatal overfeeding combined with maternal
glycation. Metabolic parameters, energy expenditure, and storage pathways in visceral adipose
tissue (VAT) and the liver were analyzed. Maternal DIO increased VAT lipogenic [NPY receptor-1
(NPY1R), NPY receptor-2 (NPY2R), and ghrelin receptor], but also lipolytic/catabolic mechanisms
[dopamine-1 receptor (D1R) and p-AMP-activated protein kinase (AMPK)] in male offspring, while
reducing NPY1R in females. Postnatally overfed male animals only exhibited higher NPY2R levels in
VAT, while females also presented NPY1R and NPY2R downregulation. Maternal glycation reduces
VAT expandability by decreasing NPY2R in overfed animals. Regarding the liver, D1R was decreased
in all obesogenic models, while overfeeding induced fat accumulation in both sexes and glycation
the inflammatory infiltration. The VAT response to maternal DIO and overfeeding showed a sexual
dysmorphism, and exposure to glycotoxins led to a thin-outside-fat-inside phenotype in overfeeding
conditions and impaired energy balance, increasing the metabolic risk in adulthood.

Keywords: metabolic diseases; energy balance; metabolic programming; sugars and AGEs;
obesity/adipose tissue
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1. Introduction

Since the 1980s, the incidence and prevalence of obesity and type 2 diabetes (T2D)
have been escalating worldwide, being associated with Westernized diet intake and a
sedentary lifestyle [1-3]. Abnormal body fat accumulation in obesity can promote the
development of other diseases such as T2D, characterized by pancreatic 3-cells dysfunc-
tion and insulin resistance in target organs [4,5]. Insulin resistance in peripheral organs
stimulates insulin’s continuous release, leading to hyperinsulinemia and the exhaustion of
pancreatic 3-cells [4,6,7]. Furthermore, increased levels of free fatty acids (FFAs) in obesity
contribute to lipotoxicity, one of the main factors for insulin resistance [8]. Overfeeding and
energy balance dysregulation are among the main factors contributing to the development
of obesity [9]. Under obesogenic conditions, energy balance regulators such as ghrelin,
neuropeptide Y (NPY), leptin, glucagon-like peptide-1 (GLP-1), and dopamine levels are
altered, disrupting the mechanisms involved with insulin secretion and energy storage and
expenditure [10-14]. Furthermore, westernized diets are rich in saturated and monoun-
saturated fats, simple carbohydrates, and poor in fibers, making them a major source of
advanced glycation end-products (AGEs) and their precursors—glycotoxins (reviewed
by [15-19]). Previous reports from our laboratory showed that adipose tissue glycation in
high-fat diet-fed rats impairs its expandability—which may be related to energy balance
mechanisms dysregulation—leading to insulin resistance [20,21]. Moreover, glycation
reduction through pharmacological strategies prevents such harmful effects [21,22].

Neuroendocrine pathways such as NPY and dopamine act in peripheral tissues to
regulate lipid and glucose metabolism [23-25]. However, the effects mediated by dopamine
and NPY depend on their receptor subtype. Different dopamine receptors trigger opposite
effects: while dopamine receptor 1 (D1R) induces lipolysis and catabolic activity through
AMP-activated protein kinase (AMPK) activation [26,27], dopamine receptor 2 (D2R) in-
hibits lipolysis by decreasing AMPK activity, hormone-sensitive lipase (HSL), and ATP
citrate lyase (ACL), and it also induces lipogenesis by increasing Acetyl-CoA carboxylase
(ACCQC) activity [25,26]. Regarding NPY receptors in white adipose tissue (WAT), NPY recep-
tor 1 (NPY1R) induces lipogenic effects, while NPY receptor 2 (NPY2R) is associated with
adipogenic and angiogenic processes [23,28-31]. Known as the stomach-derived hunger
hormone, ghrelin binding to growth hormone secretagogue receptor 1 (GHS-R1w) in the
hypothalamus regulates energy balance by NPY/Agouti-related protein (AgRP) neurons
activation [32,33]. In WAT, the direct activation of GHS-R1« on adipocytes decreases in-
sulin sensitivity and stimulates adiposity [12,34,35]. Acyl-ghrelin in retroperitoneal adipose
tissue (AT) increases sterol regulatory element-binding transcription factor 1 (SREBP1C),
a master regulator of lipogenesis, while decreasing fatty acid (FA) transport, which con-
tributes to fat accumulation [35,36]. Ghrelin acts as an anti-inflammatory agent in the
liver and promotes hepatic lipogenesis by activating the mTOR-PPARYy signaling pathway,
although its role on glucose and lipid metabolism remains unknown [34,37]. Overall, both
NPY and acyl ghrelin levels are increased in patients with obesity and T2D, contributing
to adiposity and reduced insulin sensitivity [11,12,38,39], whereas dopamine action is
dependent on subtype receptors.

Maternal nutrition impacts offspring gene expression and epigenome, metabolism, and
cellular function, affecting organ development and later newborns’ lives [40]. Gestation and
lactation play a major role in programming windows. Maternal nutrition and metabolic
status induce alterations in the intrauterine environment and breastmilk composition
that determine offspring adiposity [41,42]. Worldwide, studies demonstrated a higher
risk of obesity development when the organism was exposed to maternal overnutrition
and obesity [43-45]. At the central level, it has already been demonstrated that both
maternal obesity and postnatal overfeeding, besides leading to overweight, induce NPY
hypothalamic changes in offspring [40,46]. Moreover, maternal obesogenic diets, such as
westernized diets, can induce obesity and contribute to metabolic complications during
lactation [47,48], showing the importance of maternal diet/lifestyle during lactation. Thus,
it is necessary to understand if insulin-sensitive tissues such as the liver and AT undergo

139



Nutrients 2023, 15, 1281

alterations in the pathways that regulate energy expenditure after exposure to an unhealthy
maternal lifestyle and postnatal overfeeding.

In the present study, we compared the role of different obesogenic environments,
namely maternal hypercaloric diets (gestation and lactation) and postnatal overfeeding, in
energy balance mechanisms, particularly ghrelin, NPY, and dopamine signaling in insulin-
sensitive tissues of young animals. Additionality, in order to disclose the role of maternal
diet in the metabolic state, we addressed the impact of glycotoxins, common in Western
diets, in postnatal overfed rats. We hypothesize that animals with postnatal overweight
induced by both maternal obesity and overfeeding show an adaptation of the mechanisms
of energy storage and expenditure to unhealthy motherhood and the larger amount of
food available. However, exposure to maternal glycation in postnatal overfed rats may
hamper these compensatory mechanisms, aggravating the risk for obesity, T2D, and other
metabolic diseases that are major healthcare concerns worldwide.

2. Materials and Methods
2.1. In Vivo Models of Obesogenic Metabolic Programming
2.1.1. Maternal Diet-Induced Obesity (DIO) during Gestation and Lactation

Female Sprague-Dawley rats were fed an HFHS diet (containing 42% metabolizable
energy from fat, 27% from proteins, and 31% from carbohydrates) before pregnancy until
lactation. At PND 21, newborns were weaned and fed with chow. At PND 42, male and
female offspring were euthanized, and peripheral tissues were collected for molecular
and cellular analysis. In this study, liver and visceral AT (VAT) samples were used from
a previously published study, where the experimental design (Figure 1A) and all the
biochemical profiles of the rats with 42 days were already described (control litters = 6;
HFHS litters = 6; number of males from control dams = 4; number of males from dams
submitted to HFHS diet = 5; number of females from control dams = 4; number of females
from dams submitted to HFHS diet = 5). More information about this animal model is
available in Stevanovi¢-Silva et al. [49,50]. The results of this animal model are depicted in
Figures 1 and 2.

2.1.2. Postnatal Overfeeding and Glycation Models

The procedures were approved by the Animal Welfare Committee (ORBEA) of the
Coimbra Institute for Clinical and Biomedical Research (iCBR), Faculty of Medicine, Uni-
versity of Coimbra. Animal experimentation was performed following the European
Community directive guidelines for the use of laboratory animals (2010/63/EU), trans-
posed into Portuguese law in 2013 (Decreto-Lei 113/2013). Wistar rats were housed under
standard conditions (ventilation; 22 °C temperature; 55% humidity; 12 h/12 h light/dark
cycle) with ad libitum access to food and water. This work used three animal models of
young Wistar rats (postnatal overfeeding model, a maternal glycation model, and postnatal
overfed rats exposed to Maternal Glycotoxins). After delivery, all litter sizes were reduced
to 8 pups for standardization. After birth, body weight was monitored at postnatal day
(PND) 0, PND 4, PND 7, PND 14, PND 21, PND 35, and PND 45. On PND 21, newborns
were weaned and separated from their mothers until PND 45 and fed a standard diet.
During this period, food consumption was weekly monitored. At PND 45, triglyceride
levels were measured in the tail vein (Accutrend, Roche, Mannheim, Germany), and an
insulin tolerance test was performed. After blood collection, animals were anesthetized
with an IP injection of ketamine/chlorpromazine and euthanized by cervical displacement,
and the VAT and liver were collected for molecular analysis. The dams were anesthetized
with an IP injection of ketamine/chlorpromazine, milk samples were collected, and the
females were euthanized by cervical displacement at 21 PND for liver collection and tissue
morphology analyses.

140



Nutrients 2023, 15, 1281

A Standard
Diet
o . (/ Standard/
L HFHS Diet Pregnancy Lactation Period
S I T } } >
; PND141 ’
Soranque PND42 PND91 PN[E'I‘IZ 10% Fat 42% Fat
8 Ig H . 20% Sugar 31% Sugar
awley H Weaning 70% Protein 27% Protein
Dams H
H
:
'
: : f
T [ Lactation Period Standard Diet
L 1 ]
T 1 | I
ND 0 PND 21 PND 42
Birth Euthanasia
Tissue
. Collection
--------------------------- Male offspring liver--------------ooocceemoo.
B C z 150 D g 150 E & 150
5 d - $ : : % o »
£ 10 % 100 3 100
£ 5 5
. S o Q
Male offspring g 50 £ s g s
= x
. 3 4 o
metabolic parameters = : . :,
Control  HFHS = Control  HFHS = Control  HFHS
N IR PAMPK 1™
weaning day Calnexin cal Calnexin
et [ === [===] petvadd 11| =X o [ (]
E= Body weight at 42" day Fe G = H
i 200 & 200 3 150 exx
o (&}
. £ 150 - E 150 : 2 °
== Glucose levels during g . H . £ 100
S— glucose tolerance test 705 100 5 100 %
£ B 2 s0 2
g ;: 50 £
E Liver triglyceride levels g R T 0 3,
= Control  HFHS = Control  HFHS Control  HFHS
PPAR vau DR1
o [l ] T e e [
(83kDa) a.
—————————————————————————————————————————— Male offspring VAT ------------ommmmmooococc oo
& 150 & 150 = 150
| _1s0 — J E . K S L E
& : £ £ .
£ 100 g 100 g 100 § 100 .
% £ =
2 . S § é 50
S 2 50 £ 50 £
Q 50 s
= x x z
3 a & <
£, L i g o
Control  HFHS Control  HFHS Control  HFHS Control  HFHS
tIR TAMPK PAMPK ] PPARY
e L | | (e2von [ | (o =] oovo ] (-] (s21o0) IR (L]
CaImEi Calnexin [ . Calnexin Caibianin
et ] | T (o [ [ ey (] (W——) i [ ] [ ]
& 250 — & 200 —t— & 150 _. 200
M E 5 N E ‘ 0 E’ '_H‘ P E —=—
g0 E 150 % £ . g 150 L2
@ ] @ 100 = .
£ 150 2 s £ 2
S s & 100 3 s 100
100 3
g £ < s E 5
x 50 P < o«
s & 5 g
20 2 g o ° Control  HFHS
Control  HFHS Control  HFHS o Control  HFHS bR
NPYLR ¥ NPY2R GHS-R1a
ey ] el 1 g m— nion (7] (WS
Calnexin Calnexin Calnexin N alnexin —
i [ ] [ ] (25 voe) o] [—] pv e 1| et

Figure 1. Maternal obesity increases both lipogenic and catabolic mechanisms in WAT from male

offspring at PND 42. Maternal DIO experimental design (Created with BioRender.com, accessed on

25 January 2023) (A). Summary of metabolic parameters of male offspring after the data from [50] (B).
Total liver IR (C), total AMPK (D), p-AMPK (E), PPAR« (F), and NPY1R (G) levels remain similar to
the control, while D1R levels are reduced in male offspring (H). Maternal obesity reduces total IR
levels (I) in the WAT of male offspring. Total levels of AMPK (J) and PPARYy (L) were maintained in
WAT, while DIR (P) AMPK phosphorylation (K), NPY1R (M), NPY2R (N), and ghrelin receptor (GHS-
R1x) (O) levels increase in WAT of male offspring. Representative images of Western blot proteins

of interest and loading controls (Calnexin) are shown at the bottom. Control: 42-day-old Sprague-

Dawley males from dams fed a standard diet; HFHS: male offspring with 42-day-old Sprague-Dawley

dams fed an HFHS diet. Bars represent mean + SEM of 3, 4, or 5 animals per group, and unpaired

t-tests were performed to compare the groups.
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Figure 2. Effects of maternal DIO in liver and VAT of female offspring at PND 42. Summary of
metabolic parameters of female offspring, after the date from [49] (A). Total liver IR levels were
maintained (B), while PPAR« (E), NPY1R (F), and DIR (G) levels are reduced in the liver of female
offspring. Total AMPK levels increases (C) while AMPK phosphorylation decreased (D) in the liver of
female rats from DIO dams. On WAT, total IR (H), PPARY (K), NPY2R (M) and DIR (O) levels remain
similar to the control. Maternal HFHS diet increases both total (I) and phosphorylated (J) forms of
AMPK in female offspring. NPY1R levels were decreased (L) while GHS-R1« levels increased (N)
in VAT of female offspring of DIO dams. Representative images of Western blot proteins of interest
and loading controls (Calnexin) are shown at the bottom. Control—42-day-old Sprague-Dawley
females from dams fed a standard diet; HFHS—female offspring with 42-day-old of Sprague-Dawley
dams fed an HFHS diet. p-AMPK and DIR in liver samples were detected in the same membrane,
as were PPARy and NPY2R in VAT samples, which had the same loading control. Bars represent
mean + SEM of 3, 4, or 5 animals per group, and unpaired t-tests were performed to compare the
groups. * p < 0.05; ***p < 0.001.

142



Nutrients 2023, 15, 1281

Postnatal Overfeeding Model

On the third day after the birth, a small litter (SL) protocol was implemented by
reducing the litter size to 3 pups per dam to induce postnatal overfeeding and overweight
(Figure 3A) (control litters = 7; SL litters = 5; number of males from normal litters (NL) = 35;
number of males from SL = 9; number of females from NL = 12; number of females from
SL = 6). The results of this animal model are depicted in Figures 3 and 4.
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Figure 3. Postnatal overfeeding (SL) enhances VAT adipogenesis regulators and fat mass in
male offspring. Postnatal overfeeding-induced early life obesity experimental design (created
with BioRender.com, accessed on 25 January 2023) (A). Weight gain curves during the first 21
PND

143



Nutrients 2023, 15, 1281

(weaning day) (B) and between PND 21 to PND 45 (period after weaning) (C). Postnatal overfeeding
did not alter food intake in SL male animals after weaning (n = average per cage) (D). The kITT
of overfed male animals on PND 45 (E). Postnatal overfeeding reduced plasma insulin levels (F)
and increased plasma triglycerides (G) and HDL (I) in male SL animals without altering cholesterol
plasma levels (H). Total IR (J), total AMPK (K), p-AMPK (L), PPAR« (M), and NPY1R (N) levels
remained similar to the control while D1R levels were reduced (O) in the liver of male overfed
animals. Hematoxylin—eosin staining (100 x) of liver from overfed male rats (P). Early life obesity
increased total IR (Q) and NPY2R (V) levels in visceral AT, without affecting PPARy (T), NPYIR
(U), GHS-R1x (W), and DIR (X) levels in male SL animals. Overfeeding induced lower AMPK
phosphorylation (S) but maintained total AMPK levels (R) in male SL animals. The absolute value of
perigonal fat mass (mg) at PND 45 (Y), adipocytes area (Z), and representative images of perigonadal
AT stained with hematoxylin-eosin (100x) (o). Control—45-day-old Wistar males from normal
litters; SL—45-day-old Wistar males from SLs. IR and AMPK in liver samples were marked in the
same membrane as well as IR and p-AMPK in VAT samples, having the same loading control. Bars
represent the mean + SEM of 35 (or 6 in WB data or 3 in adipocyte area) animals in the control and
9 (or 6 in WB data or 3 in adipocyte area) in the SL group, and unpaired t-tests were conducted to
compare the groups. * p < 0.05; ** p < 0.01; ** p < 0.001.

Maternal Glycation Model

Wistar dams were injected via intraperitoneal (IP) with S-P-Bromobenzylgutathione
cyclopentyl diester—BBGC (5 mg/kg)—a selective inhibitor of Glyoxalase 1 (GLO1), during
the first six days post-partum, whereas vehicle dams were injected with the vehicle dimethyl
sulfoxide—DMSO (60 uL) (Figure 5A) (control litters = 7; vehicle litters = 5; BBGC group = 5;
number of male pups from control dams = 35; number of male pups from dams treated
with vehicle = 22; number of male pups from dams treated with BBGC = 29; number of
female pups from control dams = 12; number of female pups from dams treated with
vehicle = 9; number of female pups from dams treated with BBGC = 9). The results of this
animal model are depicted in Figures 5-7.

Postnatal Overfed Rats Exposed to Maternal Glycotoxins Model

Male offspring from dams treated with BBGC as described in the maternal glycation
model were submitted to an SL reduction to 3 pups for litter at PND 3 (Figure 8A) (SL
litters = 5; BBGC + SL litters = 3; number of SL = 9; number of BBGC + SL =9). The results
of this animal model are depicted in Figure 8.

2.2. Milk Sample Collection and Determination of Total Antioxidant Capacity and Triglycerides

The Wistar female dams were anesthetized and injected with oxytocin (Facilpart) at a
concentration of 10 UIl/mL after 6 h of fasting, on day 21 postpartum. Milk samples were
collected, milk triglycerides were determined using the Accutrend, Roche, Germany, and
milk total antioxidant capacity was assessed with an assay kit (ab65329) according to the
manufacturer’s instructions.

2.3. Plasma Determinations

Wistar rats” blood samples were collected by cardiac puncture under anesthesia and
immediately before sacrifice in Vacuette K3EDTA tubes (Greiner Bio-one, Kremsmunster,
Austria) at PND 45. Blood samples were immediately centrifuged (2200x g, 4 °C, 15)
and the plasma fraction was stored at —80 °C until performing the Rat Insulin ELISA Kit
(Mercodia, Uppsala, Sweden), according to the manufacturer’s instructions. Total and HDL
cholesterol were determined using the Prestige 24i Tokyo Boeky system with reagents from
Cormay, Poland.
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Figure 4. Adipogenic and lipogenic regulators were reduced in VAT female overfed rats. Weight gain
curves during the first PND 21 (weaning day) (A) and between PND 21 to PND 45 (period after weaning)
(B). Postnatal overfeeding did not alter food intake in obese female animals after weaning (C). The KITT
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of female overfed animals on PND 45 (D). Postnatal overfeeding induced by SL reduced
plasma insulin levels (E), maintained plasma triglycerides (F), and increased both cholesterol
(G) and HDL (H) levels. Total IR (I), total AMPK (J), p-AMPK (K), PPAR« (L), NPYIR (M), DIR (N)
levels remained similar to the control in the liver of SL females. Representative liver images stained with
hematoxylin—eosin (100 %) (O). Overfeeding during lactation did not affect total IR (P) total AMPK (Q),
p-AMPK (R), GHS-R1x (V), and DIR (W) levels while impairing adipogenesis and lipogenesis-associated
mechanisms NPY1R (T), NPY2R (U), and PPARy (S) in VAT. The absolute value of fat mass (mg) at PND
45 (X), adipocytes area (Y), and representative images of perigonadal AT stained with hematoxylin—eosin
(100x) (Z). Control—45-day-old Wistar females from normal litters; SL—45-day-old Wistar females from
SLs. AMPK and PPARg, IR, and DIR in liver samples were marked in the same membrane as well as
AMPK and NPYIR in VAT samples. Bars represent the mean £ SEM of 12 (or 4 in WB data or 3 in
adipocyte area) animals in the control and 9 (or 4/5 in WB data or 2 in adipocyte area) in the SL group,
and unpaired t-tests were conducted to compare among the groups. * p < 0.05; ** p < 0.01; *** p < 0.001.
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(created with BioRender.com, accessed on 25 January 2023) (A). Maternal weight gain curves during the
first 21 days postpartum (B). Fasting glycemia of dams on the 21st postpartum day (C). Representative
liver images from dams stained with hematoxylin—eosin staining (100x) (D). Glycation induced by
BBGC reduced triglyceride levels (E) and total antioxidant capacity (F) content in breastmilk. Exposure
to maternal glycation during lactation increases MG-H1 levels in VAT from male offspring (G). Control:
Wistar control dams (or their offspring in G); vehicle: Wistar dams treated with DMSO (or their offspring
in G); BBGC: Wistar dams treated with BBGC (5 mg/kg) through i.p. (or their offspring in G). Bars
represent mean £ SEM of 2-5 dams per group or 3 rat offspring, and the Kruskal-Wallis test or one-way
ANOVA was conducted to compare the groups. * p < 0.05; ** p < 0.01.
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Figure 6. Maternal glycation reduced insulin sensitivity and liver NPY and DIR levels, not affecting
VAT energy balance mechanisms in lean male offspring. Weight gain curves during the first PND
21 (weaning day) (A). Weight gain curves between PND 21 to PND 45 (period after weaning) (B).
Maternal glycation reduced food intake in male offspring after weaning (C). Maternal glycation
reduced the kITT (D) without affecting plasma insulin levels (E). Plasma triglyceride levels (F), plasma
cholesterol levels (G) and plasma HDL levels (H) do not change. Offspring exposed to glycotoxins
during lactation presented lower levels of PPAR« (L), NPYIR (M), and D1R (N) while total IR (I), total
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AMPK (J), and p-AMPK (K) levels were conserved. Representative image of inflammatory infiltration
in the liver of male offspring exposed to maternal glycation (O) (100x). Levels of total IR (P), total
AMPK (Q), p-AMPK (R), PPARY (S), NPYIR (T), NPY2R (U), GHS-R1« (V), and DIR (W) in VAT of
male offspring submitted to glycotoxins exposure during lactation. The absolute value of fat mass
(mg) at PND 45 (X), adipocytes area (Y), and representative images of perigonadal AT stained with
hematoxylin—eosin (100 ) (Z). Representative images of Western blot proteins of interest and loading
controls (Calnexin) are shown at the bottom. Control: male offspring of control dams; vehicle: male
offspring of dams treated with DMSO; BBGC- Wistar male offspring of dams treated with BBGC
(56 mg/kg) through IP. Bars represent the mean & SEM of 35 animals (or 6 in WB data or 3 in adipocyte
area) in control group, 22 (or 6 in WB data or 2 in adipocyte area) in vehicle group, and 29 in BBGC
group (or 6 in WB data or 3 in adipocyte area) and one-way ANOVAs were performed to compare
the groups. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. Histology—Haematoxylin-Eosin

Livers and VAT from dams and offspring of exclusive metabolic programming during
lactation models were fixed in formalin solution (10%), dehydrated in an increasing series
of alcohol concentrations (70% to 100%), cleared in xylene, and then embedded in histo-
logical paraffin. The livers were sectioned in a microtome, on a non-serial section of 4 um
thickness (n = 3/group) and subsequently dried overnight at room temperature (RT). The
paraffin-embedded liver sections were submitted to paraffin-removing protocols, using
xylol, progressive hydration (EtOH 100%/70%/30% 3’ /each and Milli-Q water during 3 at
RT), and stained with hematoxylin and eosin (H&E). Then, the liver sections were washed
again, and coverslips were mounted using a mounting medium (DAKO, Kyoto, JAPAN).
Lastly, images (100 x) were captured in a Zeiss microscope with an incorporated camera
(Zeiss, Jena, Germany). All full-size representative images in the manuscript are presented
in the Supplementary Data.

2.5. Western Blot

Hepatic and VAT samples were collected and washed with PBS and disrupted in lysis
buffer (0.25 M Tris-HCI, 125 mM NaCl, 1% TritonX-100, 0.5% SDS, 1 mM EGTA, 1 mM
EDTA, 20 mM NaF, 2 mM Na3VO4, 10 mM Bglycerophosphate, 2.5 mM sodium pyrophos-
phate, 10 mM PMSE, 40 uL of protease inhibitor) using the TissueLyser system (Quiagen,
Hilden, Germany). The bicinchoninic acid (BCA) Protein Assay Kit was carried out on the
supernatant (14,000 rpm for 20 min at 4 °C, followed by the addition of Laemmeli buffer
(62.5 mM Tris-HCl, 10% glycerol, 2% SDS, 5% 3-mercaptoethanol, and 0.01% bromophe-
nol blue). Tissue samples (20 ug) were loaded onto SDS-PAGE and electroblotted into
polyvinylidene difluoride (PVDF) membrane (Advansta, San Jose, CA, USA). Tris-buffered
saline-tween (TBS-T) 0.01% and bovine serum albumin (BSA) 5% were used to block the
membranes, which were then incubated with primary (overnight, 4 °C) and secondary
antibodies (2 h RT), following the dilutions listed in the Supplementary Table S1. The pro-
teins of interest were detected using enhanced chemiluminescence (ECL) substrate with the
LAS 500 system (GE Healthcare, Chicago, IL, USA). The bands of interest were quantified
with Image Quant 5.0 software (Molecular Dynamics). The results were expressed as a
percentage of control and normalized for the loading control (calnexin, 83 kDa).

148



Nutrients 2023, 15, 1281

Ao g B 2004 ,* C
50 E:w . i_‘"‘ 151 o4
g 4 150 = * c .
S40- : c] H 25
M ‘ £ * ¥ gE 10 z
£ 30 S g £100 &0 . N E
3 ] 53 =
220 H 38, E
¥ 50 % s =
L g®
0 0 o
T T T T T T T T T A
PND1 PND4 PND7 PND14 PND21 PND21 PND28 PND35 PND45 Control  Vh  BBGC Control  Vehicle BBGC
Days o Control v Vehicle & BBGC Days
E I3 G H
200 80
E =
= 2 3 150 — 60
3 E E 3 s
E g Z 2 o
2 3 S 100 Eao
£ o 2 |
F g 2 )
o =) 2 50 20
= o
0 0
Control Vehicle BBGC Control  Vehicle BBGC CTR  Vehicle BBGC CTR  Vehicle BBGC
--------------------------------------- Female offspring Liver -------- oo
P 5
I 150. J EIDO pres K E 250 L Ez 0
. s o o
E ° "o S 300 H E 20 Q 200 .
Q = % 3 L]
£ 100 g % 150 £ 160
@ ® 200
5 g & 100 & 100
50: < 3
5 E 100 E 50 £ s
H 2 i &
0 Contro Vehicle BBGC Control  Vheicle BBGC Control Vehicle BBGC Control  Vheicle BBGC
UR — LAMPK PAMPK ~ PPARG [ o |
Gl Calnexin Calnexin Calnexin -
o) ) [ [ 00 : o ] —— . =] [ .
N S Tm— N _ 1o
o E
= . o
E‘ 100 E 100
s 2
° a =
2 s0 L s
¢ o
g a
z 0 o
Control Vehicle BBGC Control Vehicle ~BBGC - &
NPYIR - DIR = z TS i X L
EEIETES WA EEIEEE ] veide
Calnexin Calnexin Vehicle
pel e | | e e | | |

tIR (%Calnexin/CTR)

Control  Vehicle BBGC

(95 kDa)

Calnexin
(83 kDa)

T

3
g

g

@
3

g
E
=
s
=
]
3 100
2
©
>
o
=

Control Vehicle BBGC

(52 kDa) —
Calnexin
(55 vo0) o] (] [S——]

5128

3

< 20

s

5

315

2

A

T 1.0

C]

K05

H

2
o

Control  Vehicle

BBGC

Q _ 150 Ezso
E
o < 200
£ 100 %
2 2 150
] ]
g £ 100
< s0 =
< <
H % 50
K 2

°

Control  Vehicle Control

BBGC

Vehicle BBGC Control Vheicle BBGC

(62 kDa) - (62 kDa) (52 kDa)
(83 kDa) (83 kDa) (83 kDa)
Ug 300 v g 20 W
: :
2 £
¥ 200 H
] 5
S 2
2 100 w
x 2
g s
Z T
z 0 o
Control Vehicle ~ BBGC Control Vehicle ~BBGC
v T 2 [
(52 kDa) (42 kDa) (48 kDa)
o [ ] ] ] i, (] -] [—]
200
E 150
1
e
&
o 100
)
S
2 50
°
<

Control  Vheicle BBGC

Vehicle

BBGC

Figure 7. Maternal glycation does not affect metabolic profile and VAT energy balance in BBGC female
offspring. Weight gain curves until 21 PND (weaning day) (A) and between PND 21 to PND 45 of
female offspring (B). Maternal glycation did not alter food intake after weaning (C), the kITT (D), and
plasma levels of insulin (E), triglyceride levels (F), total cholesterol (G), and HDL-cholesterol (H) in
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female offspring exposed to maternal glycotoxins. Maternal glycation increased AMPK levels (J) in the
liver of female offspring without affecting AMPK phosphorylation (K), total IR (I), and PPAR«x levels
(L). Both vehicle and BBGC treatment in dams decreased NPY1R (M) and D1R (N) levels in the liver
of female offspring. Representative images of liver from female offspring stained with hematoxylin—
eosin staining (100 x) (O). Levels of total IR (P), total AMPK (Q), p-AMPK (R), PPARy (S), NPYIR (T),
NPY2R (U), GHS-R1a (V), and DIR (W) in WAT of female offspring submitted to maternal glycation.
The absolute value of fat mass (mg) at PND 45 (X), adipocytes area (Y), and representative images
of perigonadal AT stained with hematoxylin—eosin (100x) (Z). Representative images of Western
blot proteins of interest and loading controls (Calnexin) are shown at the bottom. Control: female
offspring of control dams; vehicle: female offspring of dams treated with DMSO; BBGC: Wistar
female offspring of dams treated with BBGC. AMPK and PPAR« in liver samples were marked in the
same membrane. Bars represent the mean 4+ SEM of 12 (or 3/6 in WB data or 3 in adipocyte area)
animals in control group, 9 (or 3/6 in WB data or 2 in adipocyte area) in vehicle group, and 9 (or
3/6 in WB data or 2 in adipocyte area) in BBGC group, and one-way ANOVAs were conducted to
compare the groups. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.6. Statistical Analyses

The results are presented as the mean =+ standard error of the mean (SEM). Statistical
analysis was performed with GraphPad Prism 8 (GraphPad Software, Inc., San Diego,
CA, USA). The normality of the data was assessed with the Shapiro-Wilk normality test.
Accordingly, data with two conditions were analyzed with a nonpaired t-test or Mann—
Whitney test, and data with more than two conditions were analyzed with the Kruskal-
Wallis test or with a one-way ANOVA followed by Tukey’s post hoc test. Differences were
considered for p < 0.05.
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Figure 8. Maternal glycation impairs energy storage preventing weight gain in male offspring overfed

induced by SL. Maternal glycation on SL-induced overfed rats experimental design (created with

BioRender.com, accessed on 25 January 2023) (A). The triglyceride levels were decreased in breastmilk
of BBGC dams (B). The total antioxidant capacity in breastmilk was affected by both the SL process
and BBGC treatment (C). Weight gain curves during the first PND 21 (weaning day) (D) and between
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PND 21 to PND 45 (period after weaning) (E). Postnatal overfeeding did not alter food intake in
male SL offspring exposed to maternal glycation after weaning (F). The kITT of SL offspring from
dams treated with BBGC on the PND 45 (G). Plasma insulin levels (H), plasma triglyceride levels (I),
plasma cholesterol levels (J), and plasma HDL levels (K) of overfed offspring exposed to maternal
glycation. The levels of total IR (L), total AMPK (M), p-AMPK (N), PPAR« (O), and D1R (Q) in
the liver of overfed offspring exposed to maternal glycation remained similar to the animals with
early-life obesity. NPY1R levels (P) in the liver of overfed animals exposed to glycotoxins during
lactation were decreased compared to the postnatal overfed ones. Representative images of liver
stained with hematoxylin—eosin (100x) (R). Compared to obese animals, the levels of total IR (S),
total AMPK (T), p-AMPK (U), PPARy (V), NPY1R (W), GHS-R1« (Y), and DIR (Z) were maintained
in WAT from postnatal overfed offspring exposed to maternal glycation, while NPY2R (X) levels
and adipocytes area () were decreased. The absolute value of fat mass (mg) at PND 45 («) and
representative images of perigonadal AT stained with hematoxylin—eosin (100x) (y). SL: 45-day-old
Wistar males from SLs; BBGC +SL: 45-day-old male obese offspring of dams treated with BBGC. Bars
represent the mean £ SEM of 9 (or 6 in WB data or 3 in adipocyte area) animals in the SL group and
9 (or 6 in WB data or 3 in adipocyte area) animals in the BBGC + SL group, and unpaired t-tests were
performed to compare the groups. * p < 0.05. Dashed lines represent the value of control animals.

3. Results
3.1. Liver and VAT Sexual Dysmorphism in the Response to Different Perinatal Obesogenic Environments
3.1.1. Maternal DIO Modulates Energy Balance Mechanisms in the VAT and Liver of Male Offspring

Exposure to maternal obesity increased male offspring body weight until weaning day;,
as previously published by Stevanovi¢-Silva et al. [50] (summary presented in Figure 1B).
Maternal obesity did not cause alterations in hepatic levels of IR (Figure 1C), AMPK
(Figure 1D), phosphorylated AMPK (Figure 1E), and PPAR« in male offspring (Figure 1F).
Exposure to the maternal high-fat high-sugar (HFHS) diet induced a drastic reduction in
D1R levels in the male offspring liver (p < 0.001 vs. control) (Figure 1H) without affecting
the levels of NPY1R (Figure 1G).

Regarding VAT, maternal obesity induced by the HFHS diet decreased total IR levels
(p < 0.05 vs. control) (Figure 1I) in male offspring without changing AMPK (Figure 1J])
or PPARYy levels (Figure 1L). NPY1R (Figure 1M), NPY2R (Figure 1N), and GHS-R1x
(Figure 10) were significantly increased in male offspring VAT (p < 0.001 vs. control,
p < 0.05 vs. control, and p < 0.05 vs. control, respectively), suggesting adipogenesis and
lipogenesis upregulation. Moreover, the maternal HFHS diet increased male offspring DIR
levels (p < 0.05 vs. control) (Figure 1P) and AMPK phosphorylation (p < 0.05 vs. control)
(Figure 1K) in VAT compared to offspring from dams fed a standard diet.

3.1.2. Maternal Obesity Alters Levels of Energy Balance-Regulating Receptors in the VAT
of Female Offspring

Maternal DIO female offspring were also studied to assess a potential sexual dimor-
phism in the liver and VAT adaptation to the maternal metabolic state. As occurs in males,
maternal obesity increased female offspring body weight until weaning day (in summary
in Figure 2A) (previously published [49]). Similar to male livers, there were no alterations
in total IR levels (Figure 2B), and a significant reduction in DIR (Figure 2G) in female
offspring exposed to the maternal HFHS diet during the perinatal period was observed
(p < 0.001 vs. control). Nevertheless, in female offspring livers, NPY1R, PPAR«, and
p-AMPK levels also decreased (p < 0.05 vs. control, p < 0.05 vs. control, and p < 0.05 vs.
control, respectively) (Figure 2D-F, respectively), while total levels of AMPK increased
(p < 0.05 vs. control) (Figure 2C), showcasing the disparity between sexes.

Regarding VAT, besides the increased p-AMPK in female offspring (p < 0.05 vs. control)
(Figure 2J), the total levels of AMPK also augmented (p < 0.05 vs. control) (Figure 2I),
suggesting that the higher activation of AMPK is a consequence of additional AMPK being
available. The changes in the NPY2R, DIR, and total IR levels observed in males were not
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noticed in the VAT of female offspring (Figure 2H,M,O). Surprisingly, the NPY1R levels
were significantly decreased in the female offspring VAT (p < 0.05 vs. control) (Figure 2L),
demonstrating the sexual dysmorphism of such mechanisms. In the case of the ghrelin
receptor, as well as in males, an increase in VAT was observed in female offspring (p < 0.05
vs. control) (Figure 2N).

3.1.3. Postnatal Overfeeding Modulates Energy Balance Mechanisms in the VAT and Liver
of Male Offspring

In this study, we used males from SL as a model of postnatal overfeeding without
modification in the maternal diet, shown to induce obesity early in life [46,51]. Indeed,
animals from SL had significantly higher body weight than the control group at the weaning
PND 21 (p < 0.001 vs. control) (Figure 3B). The higher weight gain was maintained over
time until the day of euthanasia—PND 45 (p < 0.01 vs. control) (Figure 3C), despite no
changes in food intake being observed (Figure 3D). The decay of the glucose rate during the
insulin tolerance test per minute (kITT) revealed that insulin sensitivity was not affected in
SL rats (Figure 3E), although plasma insulin levels were decreased (p < 0.001 vs. control)
(Figure 3F). Triglyceride (p < 0.05 vs. control) (Figure 3G) and HDL cholesterol levels were
increased in male overfed rats (p < 0.05 vs. control) (Figure 4I) without affecting cholesterol
total level (Figure 3H).

Similar to the maternal HFHS diet model (Figure 1), total liver levels of IR (Figure 3J),
PPARw (Figure 3M), NPY1R (Figure 3N), AMPK (Figure 3K), and phosphor-AMPK (Figure 3L)
were not affected, and D1R levels were decreased (p < 0.05 vs. control) (Figure 30) in the SL
animals with higher consumption of breastmilk during the perinatal period. Moreover, histology
showed dispersed fat accumulation zones in the liver of overfed male animals (Figure 3P), while
no changes were observed in the liver weight (supplementary data—Figure S1A).

The alterations observed in VAT in postnatal overweight offspring induced by over-
feeding were different from rats exposed to maternal DIO. Interestingly, the total IR levels
in the VAT were increased (p < 0.01 vs. control) (Figure 3Q) suggesting an adaptation for the
reduced levels of insulin in the plasma. AMPK activation was lower in male overfed rats (p
< 0.001 vs. control) (Figure 3S), while the total AMPK (Figure 3R) and PPARy (Figure 3T)
levels were maintained. Regarding neuroendocrine mechanisms controlling adipogenic
and lipogenic processes, NPY1R, GHS-R1«, and D1R levels in WAT were maintained
(Figure 3U,W,X, respectively), while an increase in the adipogenic-related NPY2R levels
(p < 0.05 vs. control) was also observed (Figure 3V). This was consistent with an increase
in fat mass in overfed animals (p < 0.01) (Figure 3Y), without adipocyte hypertrophy
(Figure 3Z, ).

3.1.4. Female Postnatal Overfed Rats Exhibit Similar Metabolic Adaptations to Male
Offspring except the Downregulation of VAT Adipogenic Mechanisms

Food intake (Figure 4C) and liver weight (supplementary data—Figure S1B) were not
altered in SL female animals, and contrary to SL males, postnatal overfeeding did not induce
overweight in female rats over the 45 days (Figure 4A,B), nor did it increase triglyceride
levels (Figure 4F). Regarding insulin levels, the outcome of postnatal overfeeding was the
same in both sexes: insulin plasma levels were reduced (p < 0.001 vs. control) (Figure 4E),
while insulin sensitivity did not alter according to kITT (Figure 4D). Cholesterol levels in
the plasma of overfed females increased (p < 0.05 vs. control) (Figure 4G), accompanied by
an increase in HDL levels (p < 0.05 vs. control) (Figure 4H).

No changes in the studied mechanisms were observed in the postnatally overfed fe-
males’ livers: total IR, total AMPK, p-AMPK, PPAR«, NPY1R, and D1R levels (Figure 3I-N,
respectively). Histology demonstrated few areas of lipid droplet accumulation in the liver
(Figure 30), as occurs in male overfed animals. Regarding AT, total IR levels are maintained
in overfed females (Figure 4P), contrary to overfed male rats, as well as total AMPK and
p-AMPK levels (Figure 4Q,R, respectively). Regarding energy storage mechanisms, both
NPY1R and NPY2R were reduced in the VAT of postnatal overfed females (p < 0.01 vs.
control and p < 0.05 vs. control, respectively) (Figure 4T,U, respectively), which was con-
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sistent with decreased PPARYy levels (p < 0.01 vs. control) (Figure 4S), unaffected fat mass
(Figure 4X) and adipocyte size (Figure 4Y,Z), indicating that lipogenesis and adipogenesis
may be reduced in postnatally overfed females. Ghrelin receptor (Figure 4V) and D1R
levels were not altered in the VAT of SL females (Figure 4W).

3.2. The Role of Maternal Glycation in Impairing the Neuroendocrine Mechanism of Adaptation to
Obesogenic Environments

3.2.1. Glycation Changes Breastmilk Composition

The glycation induced by BBGC (5 mg/kg) through IP did not alter the body weight
or glycemic profile of dams (Figure 5B,C, respectively). Furthermore, BBGC did not cause
toxicity in the liver (Figure 5D). However, glycation changed breastmilk quality, decreasing
triglyceride levels (p < 0.01 vs. control) and total antioxidant capacity (p < 0.05 vs. control)
(Figure 5E,F, respectively). A known methylgyoxal-derived AGE is N-(5-hydro-5-methyl-
4-imidazolon-2-yl)-ornithine (MG-H1) [52]. This compound was increased in VAT from
male offspring exposed to maternal glycotoxins (p < 0.05 vs. control; p < 0.05 vs. vehicle)
(Figure 5G), showing that inhibition of glyoxalse I in dams leads to AGEs accumulation in
VAT offspring.

3.2.2. Exposure to Glycotoxins during Lactation Decreases Offspring Food Intake and Impairs
Insulin-Dependent Glucose Uptake without Affecting the Insulin Levels of Male Offspring

Obesogenic environments contribute to body weight alteration in early life, which
is not often observed in lean or adult experimental models of glycation [53]. Here, we
observed that maternal glycation did not affect the body weight of male offspring either
during the breastfeeding period or after weaning (Figure 6A,B, respectively), although
lower food consumption was observed (p < 0.01 vs. control) (Figure 6C). Despite no
alterations In insulin plasma levels (Figure 6E), the kITT was reduced in male offspring
exposed to maternal glycation (p < 0.05 vs. control) (Figure 6D), suggesting lower insulin
sensitivity. Exposure to glycotoxins reduced triglyceride levels in breastmilk without
affecting the plasma triglyceride, total, and HDL cholesterol levels in male offspring
(Figure 6F-H).

3.2.3. Exposure to Maternal Glycation Reduces Both NPY and Dopamine Signalling in the
Liver from Male Offspring without Affecting the VAT

Although insulin sensitivity was reduced in male offspring exposed to glycotoxins
during lactation, total IR levels in the liver and WAT were not altered (Figure 61,P, respec-
tively). Total and activated AMPK also remained similar between groups in the hepatic
tissue (Figure 6] K, respectively).

In the liver, maternal glycation induced a reduction in NPY1R (p < 0.01 vs. control;
p < 0.05 vs. vehicle), DIR (p < 0.01 vs. control), and PPAR« levels (p < 0.001 vs. control;
p < 0.01 vs. vehicle) (Figure 6M,N,L, respectively). Furthermore, maternal glycation
appeared to induce portal inflammatory infiltration at the hepatic level (Figure 60), while
no changes were observed in the liver weight (Supplementary Data—Figure S1C).

Adult models exposed to glycated products showed that glycation does not cause
significant changes in VAT function in the lean phenotype [53]. Here, we demonstrate that
male offspring from dams treated with glyoxalase 1 inhibitor did not present changes in
energy expenditure or storage mechanisms in VAT. The receptors of NPY, ghrelin, and
dopamine evaluated (NPY1R, NPY2R, GHS-R1«, and D1R, respectively) display preserved
levels when compared with the vehicle and with the control (Figure 6T-W, respectively) as
well as the downstream proteins AMPK and PPARYy (Figure 6Q-S). Furthermore, neither
fat mass (Figure 6X) nor adipocyte size was altered in male offspring exposed to maternal
glycation at PND 45 (Figure 6Y,7).
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3.2.4. BBGC-Induced Maternal Glycation Does Not Affect Food intake, Metabolic Profile
and VAT Mechanisms of Lipid Storage and Energy Expenditure in Female Offspring

As well as in the male offspring, during the lactation period and after weaning, no
alteration in body weight of females exposed to maternal glycation (Figure 7A,B) or liver
weight (supplementary data—Figure S1D) was observed. Contrary to what was observed
in male offspring, food intake was not affected in BBGC female offspring (Figure 7C).
Furthermore, no changes in kITT were observed in female offspring (Figure 7D), suggesting
that male offspring are more susceptible to alteration in insulin sensitivity and feeding
regulation when exposed to the same maternal condition. Although plasma insulin levels
in BBGC female offspring were decreased (p < 0.01 vs. control), this was also observed
in the vehicle group (p < 0.01 vs. control) (Figure 7E). Triglyceride (Figure 7F) and HDL
(Figure 7H) levels were also unaltered between groups, while cholesterol levels were
affected by vehicle (p < 0.05 vs. control; p < 0.05 vs. BBGC) (Figure 7G). Total IR levels were
also maintained in both the liver and WAT of female offspring (Figure 71,P, respectively).

The total levels of AMPK were increased in the liver of female offspring exposed
to glycotoxins (p < 0.001 vs. control; p < 0.001 vs. vehicle) (Figure 7]) while its activity
remained similar to the other groups (Figure 7K). PPAR« levels also remained similar
between all conditions (Figure 7L), and no inflammatory infiltration was observed in
the livers of female rats exposed to maternal glycation (Figure 7O). NPY1R levels were
decreased in females from dams treated with DMSO (p < 0.01 vs. control) and from dams
subjected to glyoxalase 1 inhibition (p < 0.01 vs. control) (Figure 7M). However, the effect on
D1R observed in the vehicle group (p < 0.01 vs. control) seems to be partially independent
of the reduction induced by BBGC (p < 0.001 vs. control; p < 0.05 vs. vehicle) (Figure 7N),
which is in accordance with the results observed in male offspring.

As occurs in male offspring exposed to maternal glycation during lactation, in BBGC
female offspring, the WAT mechanisms associated with energy expenditure and storage
were not affected by maternal glycation alone (Figure 7P-W) as were the fat mass and the
adipocyte size (Figure 7X-Z). These results demonstrated once again that glycation alone
may not be sufficient to alter the energy balance in the VAT of lean animals at PND 45.

3.2.5. Maternal Glycation Inhibits SL-Induced Weight Gain in Male and Impairs VAT
Mechanisms of Adaptation to Overfeeding

BBGC also reduced milk triglyceride levels (p < 0.05 vs. SL) and total antioxidant
capacity (p < 0.05 vs. control) in SL dams (Figure 8B,C, respectively). Exposure to maternal
glycation during lactation prevented male offspring weight gain induced by postnatal
overfeeding from PND14 to PND35 (p < 0.05 vs. SL) (Figure 8D,E). No alterations were
observed in food intake or the kITT (Figure 8EG, respectively) or in the liver weight
(supplementary data—Figure S1E) in the BBGC + SL group as occurs in SL animals with
healthy motherhood. The alterations in plasma insulin (p < 0.05 vs. control) (Figure 8H) and
triglyceride (p < 0.05 vs. control) (Figure 8I) levels observed in SL males were maintained
in SL + BBGC offspring. Cholesterol levels were reduced in SL rats exposed to maternal
glycation (p < 0.05 vs. SL) (Figure 8]), while the increase in HDL-cholesterol levels observed
in male SL was not noticed when the animals were exposed to glycotoxins (Figure 8K). Total
IR levels were maintained in the liver and VAT of male SL + BBGC offspring compared to
SL (Figure 8L,S, respectively), and its upregulation in the liver of SL males was maintained
in relation to control rats.

AMPK levels and activity in the liver did not alter in BBGC + SL rats (Figure 8M,N) as
occurs in animals exposed to both conditions independently. Surprisingly, the PPAR« levels
were not altered upon exposure to maternal glycation in animals overfed and induced
by SL (Figure 80) as occurred in lean offspring. As well as observed in the liver from
lean male offspring exposed to maternal glycation, in obese conditions, the decrease in
NPYIR levels was also verified (p < 0.01 vs. SL) (Figure 8P), while the downregulation of
D1R levels observed with both conditions per se was maintained (p < 0.001 vs. control)
(Figure 8Q). These changes were associated with liver inflammatory infiltration, which
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occurs in lean male offspring from dams treated with BBGC (Figure 8R). Importantly,
this male offspring did not show visible liver fat accumulation, contrary to the overfed
ones. The decrease in p-AMPK levels induced by postnatal overfeeding in VAT was lost
(Figure 8U), while the total levels of AMPK were maintained (Figure 8T) in male offspring
exposed to glycotoxins. As already mentioned, postnatal overfeeding causes adaptations
in VAT, namely NPY2R overexpression. Exposure to glycated products during lactation
induced VAT energy balance dysregulation in postnatal overfed offspring. Despite no
changes in PPARy, NPY1R, or GHS-R1« levels in the VAT of overfed offspring from dams
treated with BBGC (Figure 8V,W,Y, respectively), NPY2R levels significantly decreased
(p <0.05 vs. SL) (Figure 8X) and D1R further decreased compared to the control (p < 0.05
vs. control) (Figure 8Z). Interestingly, although the visceral fat mass did not change in
these animals (Figure 8), their adipocyte size was significantly reduced (p < 0.05 vs. SL),
following reduced NPY2R levels, and several multivesicular adipocytes were observed, a
marker of adipocyte dysfunction (Figure 83,y).

4. Discussion

Exposure to unhealthy motherhood during the perinatal period has been suggested
as a risk factor for the rise of metabolic diseases worldwide. Herein, we describe: (1)
the distinct metabolic and neuroendocrine effects in the liver and VAT caused by two
obesogenic conditions during developmental programming phases, exposure to perinatal
maternal HFHS diet and postnatal overfeeding; (2) the sexual dysmorphism of such
responses; and (3) the impact of maternal glycation in disrupting mechanisms of adaptation

to postnatal overfeeding (Figure 9).
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Figure 9. Hypothetical effects of obesogenic environments (hypercaloric diet, postnatal overfeeding,
and maternal glycation) on human energy balance mechanisms depending on sexual dysmorphism
observed in rat models (created with BioRender.com, accessed on 25 January 2023).

Maternal gestational obesity induced by the HFHS diet in the same model causes
postnatal overweight and hepatic lipid accumulation in male offspring [49,50]. Here we
show that this maternal diet decreases liver D1R levels in both sexes. In adult diabetic rats,
lower D1R levels were also observed. Its upregulation by bromocriptine was associated
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with lipid mobilization from the liver and hepatic steatosis improvement [54]. However,
Stevanovi¢-Silva et al. showed no lipid accumulation in female offspring [49,50]. Interest-
ingly, the liver of female offspring presented lower levels of NPY1R, which suggests less
inhibition of CTP-1 and lipid accumulation [55], regardless of PPAR« level reduction.

In male offspring VAT, maternal DIO decreased IR levels, which may impact glucose
uptake and triglyceride formation [56]. However, p-AMPK was upregulated, which is
known to promote HSL activity and lipid oxidation. This upregulation was associated
with increased D1R levels, in accordance with previous reports showing its role in lipid
oxidation [27]. Moreover, the receptors associated with adipogenic and lipogenic processes
(NPY1R, NPY2R, and GHS-R1«) levels were also increased, suggesting an adiposity ef-
fect of maternal DIO in the offspring. These results suggest that maternal obesity may
trigger compensatory mechanisms to enhance lipid storage in male offspring VAT while
also counteracting this by simultaneously improving energy expenditure in VAT. Such
VAT alterations were sex specific since NPY1R levels were decreased in female offspring,
suggesting a reduction in lipogenic/adipogenic processes, contrary to what occurs in males.
Indeed, fat distribution depends on sex, with females more prone to accumulate subcuta-
neous AT (SAT), while males store lipids predominantly in VAT [56,57]. SAT has a lower
lipolysis rate but is more efficient on the FFAs uptake than VAT [56,57]. On the other hand,
VAT has a lower capacity to store lipids and a more inflammatory environment [56,57]. One
limitation of our study is the lack of SAT data to compare the same mechanisms in male
and female SAT. Thus, the discrepancy between sex may be associated with the fatty liver
presented by the male offspring. Males have a larger VAT area than females, exposing the
liver to a higher amount of FFA via the portal vein, which induces fat ectopic deposition in
the liver [58].

Postnatal overweight was also induced by neonatal overfeeding, although body
weight gain did not occur in females and no increased food consumption was observed
after weaning. Male overfed rats have lower plasma insulin levels, suggesting insulin
release impairment. Accordingly, Robert A. et al. (2002) demonstrated that the SL animal
model at two different ages (PND 26 and PND 110) presents an impairment in the release
of insulin from p-cells [59]. Interestingly, IR total levels were increased in male VAT,
which may be a compensatory response to hypoinsulinemia. In male rats, overfeeding
also promoted an impairment of DIR hepatic levels, as occurs in maternal HFHS-induced
early-life obesity. These findings suggest that this may be an important mechanism of lipid
retention in the liver, being associated with the presence of lipid droplets in this tissue
(Figure 3N). In VAT, neonatal overfeeding in male rats also upregulates NPY2R signaling,
potentiating AT expansion and preventing hypertrophy, while no other mechanisms were
changed. Thus, the impact of postnatal overweight on VAT energy balance mechanisms
apparently depends on the nature of the obesogenic environment. In fact, contrarily to
rats exposed to maternal DIO, p-AMPK levels were reduced in VAT from overfed male
animals. This suggests that, besides higher caloric intake from milk, nutritional cues
may have a direct impact on VAT mechanisms of energy expenditure. It is possible that
maternal consumption of fats and sugars stimulates not only energy storage but also energy
dissipation pathways in the male offspring. Again, sex was shown to be a crucial factor
in energy balance mechanisms. Neonatal overfeeding in females reduces lipogenic and
adipogenic processes by decreasing NPY/PPARY signaling, which may be the reason for
the absence of weight gain and may be related to the distinct stimulation of different fat
pads, as already discussed.

Given that maternal diets are often rich in sugars, we also intended to study the
effects of exposure to maternal glycotoxins on the mechanisms of adaptation to obesogenic
environments. Previous studies have used direct administration of methylglyoxal (MG)—
an AGEs precursor—in dams [48], and we aimed to use a more physiological model using
BGGC injection, inhibiting the enzyme responsible for MG detoxification—GLO1. In
the study by Francisco et al. (2018), breastmilk triglyceride levels were increased upon
maternal MG ingestion. However, we verified the opposite and a lower antioxidant capacity,
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suggesting that maternal glycation alters breastmilk composition. As described before,
AGEs formation debilitates antioxidant defenses (reviewed by [53]), and we have here
shown that maternal glycation has also an impact on breastmilk antioxidant capacity and
possibly on the detoxification mechanisms of the offspring. As occurs in adults exposed to
glycotoxins, BBGC did not affect maternal or male and female offspring body weight [20].
Nevertheless, Francisco et al. (2018) showed that offspring from MG-treated dams present
excessive weight gain only after PND 77, which may be a consequence of metabolic
dysregulation secondary to the dose used [48]. As observed in adult models, animals
exposed to maternal glycation do not develop insulin resistance, glucose dysmetabolism,
or changes in insulinemia [20], although a lower kITT indicates an insufficiency in insulin
action, suggesting a predisposition to insulin resistance. Regarding female offspring,
plasma insulin levels were decreased, although female offspring of DMSO-treated dams
also present this deficiency. Thus, there is no evidence of insulin resistance, consistent with
several studies that have reported that females are less prone to develop insulin resistance
due to hormonal sex differences [57].

Other studies indicate that glycation plays a more prevailing role in obesity than
in normal conditions [57]. Here we observed that maternal glycation does not alter the
molecular mechanisms associated with energy balance in the WAT of lean female and
male offspring. However, we detected that impairment of DIR levels in the livers of
both sexes, as observed in the overfeeding models. These results suggest that changes in
milk composition induced by glycation also impact the hepatic level, decreasing D1R and
PPAR, a transcription factor known to be activated by FA, and thus possibly reducing lipid
oxidation [60]. In addition, NPY1R levels are also diminished in the liver of male offspring
exposed to maternal glycotoxins. Moreover, maternal glycation induced inflammatory
infiltration in the liver of male offspring. Interestingly, NPY1R has been linked with an
anti-inflammatory action associated with a pro-inflammatory M1-like phenotype in other
regions, namely the kidney and cardiac system [61,62]. Regarding female livers, no major
changes were observed besides those associated with the vehicle, DMSO, and the stress of
the daily IP injection. Diverse studies have shown that females are more prone to develop
obesity when exposed to maternal stress than males [63]. Moreover, the effects of maternal
prenatal stress on gut microbiota colonization are sex-dependent [64]. As a regulator of gut
hormone release [65], alterations induced by maternal alterations in the microbiota may
change the release of gut-derived hormones.

Previous reports from our group showed that weight gain induced by the HF diet
in adult Wistar rats is lost when MG is administered, suggesting that glycation impairs
the necessary tissue plasticity to respond to higher nutritional fluxes [20,53]. Indeed, the
weight gain provoked by postnatal overfeeding is lost when the young animals are exposed
to maternal glycotoxins during lactation. However, the metabolic effects of overfeeding in
male offspring regarding plasma triglycerides and insulin levels were maintained when
exposed to maternal glycation. Such inhibition of weight gain was associated with the loss
of compensatory NPY2R upregulation in overfeeding-induced overweight rats, suggesting
a decrease in adipogenesis rates promoting a lower energy storage capacity. Indeed,
despite the fact that maternal glycation did not change fat mass, the adipocytes were
smaller when the animals experienced maternal glycation. Moreover, several regions show
multivesicular adipocytes, a marker of impaired lipid storage and adipocyte dysfunction.
Thus, maternal glycation may modify the AT environment, especially in conditions of
overfeeding/WAT expansion. So, exposure to glycotoxins during lactation in obesogenic
conditions apparently inhibits the development of storage mechanisms to compensate for
higher food consumption. These alterations predispose to the development of metabolic
syndrome due to their contribution to adipocyte hypertrophy, lipotoxicity, hypoxia in the
AT, and insulin resistance, hallmarks of an unhealthy WAT phenotype.

In the liver, maternal glycation impairs NPY1R in lean and overfed animals. Moreover,
the hepatic inflammatory infiltration provoked by glycotoxins exposure during lactation
was also noticed. These results suggest that alterations in NPY1R signaling and inflam-
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matory infiltration are an exclusive consequence of maternal glycation exposure, as in the
livers of overfed animals, NPY1R levels were preserved.

5. Conclusions

Dysregulation of energy balance mechanisms is one of the major factors contributing
to the development of metabolic diseases. Insults such as obesogenic environments during
the perinatal period program adaptations of nutrient-sensing mechanisms, readjusting
anabolic/catabolic processes. Here, we characterized, for the first time to our knowledge,
the changes in VAT and liver energy balance pathways caused by maternal obesity during
pregnancy and postnatal overfeeding, although different rat strains were used. Besides
the weight gain, young male animals exposed to the maternal HFHS diet developed
compensatory mechanisms regarding energy storage and expenditure, allowing a higher
AT plasticity. Postnatal overfeeding apparently protects from AT dysfunction by enhancing
energy storage. So, the different consequences in both models suggest that maternal
nutritional cues during lactation have a crucial role in their modulation. Moreover, females
showed distinct mechanisms in both models, suggesting that lipid partitioning may be
different in both sexes since the early stages of development and the energy balance
mechanisms in SAT should be of future interest. Nevertheless, despite developing these
compensatory peripheral mechanisms, modulation of such pathways can become unhealthy
since these compensatory actions may be lost later in life. This may disturb energy balance
and therefore contribute to predisposing to the development of metabolic complications.

To characterize the role of Westernized diet consumption during gestation and lac-
tation, we studied the role of maternal glycation under normal and obese conditions on
VAT and liver energy balance mechanisms. Although glycated products do not have major
effects on a lean phenotype, they are related to a compromise of AT plasticity, which may
lead to AT dysfunction and lipotoxicity when combined with an obesogenic environment
(overfeeding). We followed a protocol based on GLO-1 inhibition in order to avoid possible
supraphysiological doses after MG administration. However, it is possible that exposure
to MG in high-sugar diets may be even higher than in our protocol. In the future, both
protocols may be compared for such effects.

Our work points out the relevance of better characterizing these mechanisms in
later stages of development and how they predispose to insulin resistance and metabolic
diseases at a more advanced age. The role played by pregnancy and lactation should also
be disclosed using cross-fostering. Another concern in the future is understanding the
importance of offspring environment upon unhealthy motherhood and how the offspring
can change its fate and decrease the predisposition of metabolic disease development to
break the intergenerational cycle of obesity.
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Abstract: Background: Diet quality patterns are associated with a lower incidence of insulin resistance
(IR) in adults. The aim of this study was to investigate the association between two diet quality
indices and IR in schoolchildren and to identify the best diet quality index associated with a lower
risk of IR. Methods: A total of 854 schoolchildren (8-13 years) were included in a cross-sectional study,
who completed a three-day dietary record to assess their diet. Fasting plasma glucose and insulin
were also measured, and anthropometric data were collected. Healthy Eating Index-2015 (HEI-2015),
Dietary Approaches to Stop Hypertension (DASH), and adjusted DASH (aDASH) were calculated as
diet quality indices. The homeostasis model assessment of insulin resistance (HOMA-IR) was used,
and IR was defined as HOMA-IR > 3.16. Results: The prevalence of IR was 5.5%, and it was higher in
girls. The mean HEI-2015 and DASH scores were 59.3 and 23.4, respectively, and boys scored lower
in both indices. In girls, having a HEI-2015 score above the 33rd percentile was associated with a
lower risk of IR (odds ratio [95% CI]: 0.43 [0.19-0.96], p = 0.020). Conclusion: Greater adherence to a
healthy dietary pattern, as assessed by a higher HEI-2015 score, was associated with a lower risk of
IR in schoolchildren, especially in girls.

Keywords: children; insulin resistance; HEI; DASH

1. Introduction

With the growing epidemic of obesity, incidence of insulin resistance (IR) in child-
hood and adolescence has increased worldwide. Moreover, IR is accompanied by other
components of metabolic syndrome and continues into adulthood [1].

IR is a common manifestation of obesity. Initially, pancreatic beta cells are able to
compensate for IR by increasing insulin secretion in the pathogenesis of glucose intoler-
ance. Compensatory hyperinsulinemia induces an increase in appetite, and consequently,
weight gain. After pancreatic beta cell function decreases, insufficient insulin secretion
occurs, leading to a transition from IR to impaired glucose tolerance, followed by type 2
diabetes [2,3].

Diet is one of the main modifiable factors that can help control and prevent obesity-
associated disorders such as IR. Several scores and indices are available to assess the
diet quality or the adherence to a healthy dietary pattern. They are a multidimensional
representation of diet and do not focus on specific nutrients or foods. Adherence to
healthier dietary patterns has been associated with lower risk of several diseases, such as
cardiovascular disease, type 2 diabetes, metabolic syndrome, and some of its characteristics,
such as IR, in both children and adults. For example, a healthier diet was associated
with lower mortality [4], better cardiovascular health [5], and lower risk of metabolic
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syndrome [6], type 2 diabetes [7], hypertension [8] or IR in adults [9,10]. Moreover, there
are some studies in children that have observed that a higher adherence to a healthy dietary
pattern was associated with better cardiovascular health [11] and lower risk of metabolic
syndrome [12,13], hypertension [14], or IR [15,16], although in children, the evidence is still
very scarce.

A number of indices have been proposed to assess adherence to a Mediterranean
dietary pattern. However, some have been designed for application in the adult population,
such as the Mediterranean Diet Adherence Screener (MEDAS) of the PREDIMED study [17]
and are not applicable in children. Others, such as the Mediterranean Diet Score (MDS)
developed by Trichopoulou et al. [18], have been subsequently modified to include fish
consumption [19] and/or has been adapted to children [20,21]. However, the MDS has a
small range (0-9 points), and more than half of the population scored between 3 and 5,
which suggests that MDS may not be able to distinguish between individuals with different
patterns of dietary intake [22]. On the other hand, in Spain, there is no consensus on dietary
recommendations or guidelines for Spain, so there is no validated diet quality index for the
Spanish population.

The Dietary Approaches to Stop Hypertension (DASH) [23] and the Healthy Eating
Index (HEI), updated in 2015 (HEI-2015) [24,25] are some of the most widely used diet
quality indices to assess adherence to dietary guidelines in Americans. However, many
studies worldwide have used it [14,26,27]. Spain is one of the countries in which the DASH
and HEI have been used in both adult and child populations [28-30]. The use of diet
quality indices worldwide is feasible due to the similarity of recommendations and allows
comparison of the results of the relationship between insulin resistance and diet.

According to a systematic review [31] on the epidemiology of IR in children, most stud-
ies focus on adolescence, and few studies (four out of 18) focused on children younger than
10 years. This could be due to the fact that the insulin resistance peaks at mid-puberty [32]
and most studies have focused on this age group. Nevertheless, Chiarelli et al. [33] point
out that studying the IR in prepubertal children is especially important, as IR and related
complications could be exacerbated by the influence of puberty, due to the physiological
decrease in insulin sensitivity associated with normal pubertal development.

However, there are few studies on diet quality indices and IR in children, and, there-
fore, the possible relationship between them needs to be investigated. This study aimed to
investigate the association of different diet quality indices with IR in schoolchildren and
to identify the diet quality index associated with a lower risk of IR. This study could help
identify appropriate measures for use in epidemiological studies and improve the success
of nutritional measures and interventions by targeting significant dietary components in
at-risk groups.

2. Materials and Methods
2.1. Study Design and Sample

The cross-sectional observational study included a convenience sample of schoolchil-
dren aged 8-13 years from five Spanish provinces (A Corufia, Barcelona, Madrid, Seville,
and Valencia). In each province, schools were randomly selected from a list of primary
schools with at least two classrooms per grade. The principals of 55 schools were contacted
by telephone to explain the characteristics and importance of the study, and to request
the school’s permission to participate in the survey. Thirteen principals did not want to
collaborate. The principals of the remaining 42 schools showed interest in the study and
forwarded the information to the school council for approval. Twenty-two schools gave
their permission to conduct the survey on their premises and to organize a meeting with
the parents of the children in the target age range. At this meeting, the study was explained
in detail, questions raised by the parents were answered, and signed parental authorization
for the children to take part was requested.

The potential initial sample size was approximately 3850 participants. These children
were studied previously in another context [34]. It was calculated taking into account
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the number of schools that agreed to participate (n = 22), the number of students per
classroom (1 = 25) and the number of classrooms per grade (between 2 and 3). Subsequently,
1035 schoolchildren obtained written consent from their parents or guardians to participate
in the study, so the approximate acceptance rate was 27%. Finally, 854 students completed
all the dietary questionnaires and the anthropometric and biochemical study. Figure 1
shows a flow chart of the sample selection process.

‘ 3850 potential students ‘

‘ 1035 children gave written consent ‘

10 cluldren did not attend to school the day of the
study

\ 1025 children attended the school ‘

135 children did not consent to blood collection or had
an invalid blood sample.

' 890 children with valid blood sample |

| 36 children without complete food records

‘ 854 children (final sample) ‘

Figure 1. Flow chart of the selection process.

The inclusion criteria were as follows: boys and girls aged 8-13 years who were in 4th,
5th, and 6th grades of primary education; written informed consent signed by the child’s
parents and/or guardians; and acceptance of all the study conditions.

The following exclusion criteria were applied: the presence of any disease, such as
metabolic or chronic diseases (diabetes, renal diseases, etc.) that could affect the study
outcomes, inability to visit the study centre on the agreed days, and pharmacological
treatment, such as corticosteroids, insulin, and levothyroxine, that could interfere with
study outcomes.

The participating schoolchildren underwent a dietary, anthropometric, and biochemi-
cal study at school by trained investigators. Measurements were made between February
2005 and June 2009.

This study was conducted in accordance with the guidelines of the Declaration of
Helsinki. This study was approved by the Human Research Review Committee of the
Faculty of Pharmacy of the Complutense University of Madrid (PI060318 approved at
17 March 2006).

2.2. Anthropometric Study

All measurements were performed at schools in the morning according to the World
Health Organization (WHO) standards [35].

Weight and height were measured with the participants in underwear and barefoot
using a digital electronic scale (model SECA ALPHA, GMBH & Co., Igny, France) (range:
0.1-150 kg, accuracy 100 g) and a Harpenden digital stadiometer (Pfifter, Carlstadt, NJ, USA)
(range: 70-205 cm, accuracy 1 mm), respectively. Body mass index (BMI) was calculated by
dividing the weight (kg) by height squared (m?). Subsequently, the BMI z-score (z-BMI)
was calculated. The cut-off points were established according to the standard deviation of
the z-score established by the WHO [36] (z < —2: underweight, z: —2-1: normal weight z:
1-2: overweight; y z > 2: obesity) [37].

The tricipital skinfold was measured on the right side of the body using a Holtain
skinfold caliper (constant pressure of 10 g/mm? (range: 0-39 mm) and 0.1 mm accuracy,
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Holtain Ltd., Crymych, Wales) following the recommendations by the ISAK [38]. Fat mass
(FM) was obtained using the formula by Dezemberg et al. in 1999 [39]. FM was classified
according to McCarthy’s cut-off points as insufficient fat, normal fat, excessive fat, and
obesity [40].

2.3. Physical Activity

Parents completed an adapted daily physical activity questionnaire for their chil-
dren [41], which has been used in other studies [34,42—44].

The questionnaire asked about the time dedicated to different activities usually carried
out during the day: sleeping, being in class, study time, time dedicated to different meals,
time dedicated to sedentary play (with PC, video consoles or watching television); time
dedicated to playing actively in the street, play time at home; time dedicated to gymnastics
or sports activities at school, at recess and in extracurricular activities, time and form of
travel between home and school and to other activities.

The time spent on the different activities was then grouped into 4 categories: sleep,
very light activities (activities done lying, sitting or standing -painting, playing an instru-
ment, cooking...), light activities (equivalent to walking on a flat surface at 4-5 km/h,
cleaning the house, golf, table tennis...) and moderate and/or vigorous activities (physical
activities requiring greater energy expenditure such as cycling, skiing, tennis, dancing,
basketball, soccer, rugby, running...).

An activity coefficient was established for each subject by multiplying the time dedi-
cated to each activity by the established coefficients [45,46]: 1 for sleeping and resting, 1.5
for very light activities, 2.5 for light activities, 5 for moderate activities, and 7 for intense
activities, and then dividing by 24 h. Once the individual physical activity coefficient was
obtained, it was used to establish the physical activity category for the calculation of energy
expenditure (EE) according to IOM equations [47].

2.4. Dietetic Study

For dietary intake, a ‘food record” was filled out for three consecutive days, including
one weekend day (Sunday to Tuesday) [48]. Parents were asked to record the weights, if
possible, or alternatively, to record home measurements of all foods consumed outside of
school by their children. On Mondays and Tuesdays, the trained staff visited the school
canteen, recorded the food on the menu, and weighed the amount of food served to each
child who stayed to eat in the canteen and what each child left on the plate. DIAL software
(Alce Ingenieria, Madrid, Spain) was used to process the dietary surveys [49]. The food
composition tables from Ortega et al. [50] were used. Energy intake (EI) and macro- and
micronutrients were calculated. Energy expenditure (EE) was calculated according to the
IOM equations [47].

The possible underestimation or overestimation of EI was determined as the discrep-
ancy between EI and EE, measured using the formula: (EE-EI) x 100/GE. This formula
provides the percentage of possible underestimation (if values are positive) or overestima-
tion of intake (when values are negative) [51].

The HEI-2015 was used to assess diet quality according to the recommendations of
the U.S. Dietary Guidelines. It is composed of 13 components: 9 for adequacy and 4 for
moderation. Whole grains, dairy, and fatty acid ratio items were scored 0-10; total fruits,
whole fruits, vegetables, seafood and vegetable protein, green vegetables and legumes, and
protein food items were scored 0-5; and moderation, refined grains, sodium, added sugars,
and saturated fat items were scored 0-10 [24].

The DASH index was also calculated [23], It includes eight components that are
relevant to the diet used for hypertension management. For the DASH indeX, scoring is
based on intake quintiles created within the full data set; participants in the lowest quintile
received 1 point, and individuals in quintile five received 5 points. Red and processed
meat, sugar-sweetened beverages, and sodium were reverse coded.
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Finally, adjusted DASH (aDASH) was calculated in the same way as DASH after
adjusting the grams of the different food groups according to the energy consumed [16].

2.5. Biochemical Studies

Participants’ blood samples were drawn by venepuncture between 08.00 and 09.00 h
after 12 h of fasting. The nurses verified the adequacy of the fasting period before sample
collection. All extractions were performed at the respective centers.

Plasma glucose was determined calorimetrically using the glucose oxidase-peroxidase
method [52] (Vitros GLU Slides, Rochester, NY, USA; CV = 2.8%). Fasting insulin was
measured by immunochemiluminometric assay [53] (Abbott Diagnostics, Madrid, Spain;
CV =4.8%). The QUICKI index was evaluated asl/[log (basal insulin) + log (basal glu-
cose)] [54].

The homeostasis model assessment of insulin resistance (HOMA-IR) was used to
reflect the degree of IR [55,56]: HOMA-IR = [basal glucose (mmol/L) x basal insulin
(LU/mL)]/22.5. In our study IR was defined as HOMA-IR > 3.16, as proposed by
Keskin et al. [57] for children and adolescents, since this cut-off point showed the highest
sensitivity and specificity for the diagnosis of IR assessed by an oral glucose tolerance test.
This cut-off point has also been used in other studies in schoolchildren of similar age to our
study [16,58-61].

2.6. Statistical Analysis

Descriptive data were expressed as means and standard deviations. Diets were
compared according to sex and presence or absence of IR. For comparison of means, the
Mann-Whitney U test was used if the distribution of the variables was not homogeneous,
the Student’s t-test for homogeneous distributions, and the two-way ANOVA test. The x>
test was used to determine the significance of the differences between proportions. Logistic
regression analysis was performed to identify risk or protective factors associated with IR.
Significance was set at p < 0.05. All calculations were performed using IBM SPSS Statistics
for Windows, Version 25.0. Armonk, NY, USA: IBM Corp. Released 2017.

3. Results
3.1. Sample Characteristics

A total of 1035 schoolchildren (49.2% boys) were initially included. Ten participants
did not attend school on the day of the anthropometric study and were, therefore, excluded
from the analysis. Valid dietary data were only obtained from 965 schoolchildren (48.8%
boys), valid blood samples from 890 participants (48.4% boys), and 854 (48.4% boys) who
have both blood and dietary samples to constitute the sample of the present study.

Table 1 shows the age and anthropometric, biochemical, and lifestyle data of the total
sample classified by sex. Approximately one third of the schoolchildren (27.4%) were
overweight and 12.4% were obese, mostly comprising boys. In addition, 31.6% of the
participants had excessive fat and 31.5% had obesity according to their fat mass, with boys
having higher obesity percentage.

Regarding biochemical data, boys had higher values of glucose and QUICKI index
but lower values of insulin and HOMA-IR index. A 5.3% of the sample presented IR, and
this was higher in girls than in boys (7. 0% vs. 3.4%, p < 0.05). Table S1 shows the age and
anthropometric, biochemical, and lifestyle data of the total sample classified by group of
age. Table S2 shows the age and anthropometric, biochemical and lifestyle data of the total
sample classified by sex and HOMA-IR. There was a relationship between HOMA-IR and
age, zBMI, fat mass, and activity coefficient.
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Table 1. Anthropometric, physical activity and blood biochemical parameters in the schoolchildren
studied according to sex.

Total (n = 854) Girls (n = 441) Boys (n = 413) p-Value

Age (years) 10.1 £ 0.9 102+ 0.9 10.1 +1.0 0.262
8-10 years [%(n)] 63.35 (541) 61.7 (272) 65.1 (269) 0.295
11-13 years [%(n)] 36.65 (313) 38.3 (169) 34.9 (144)

Madrid [%(n)] 55.6 (475) 59.0 (260) 52.1 (215) 0.237
Barcelona [%(n)] 7.9 (67) 7.3 (32) 8.5 (35)
Sevilla [%(n)] 12.4 (106) 11.6 (51) 13.3 (55)
A Corufia [%(n)] 13.4 (114) 11.3 (50) 15.5 (64)
Valencia [%(1)] 10.8 (92) 10.9 (48) 10.7 (44)
Body composition
Weight (kg) 394+93 39.6 £9.2 39.2£95 0.432
Height (m) # 1.43 +0.09 1.44 +0.09 1.43 +0.08 0.008
BMI (kg/m?) 19.0 +£3.1 189 +3.0 19.1+33 0.774
Z-BMI # 0.69 £1.13 0.57 £1.04 0.81 +£1.21 0.001
Nutritional status by BMI
Underweight [%(n)] 0.82 (7) 0.68 (3) 0.97 (4) <0.001
Normal weight [%(1)] 59.4 (507) 63.3 (279) 55.21 (228)
Overweight [%(n)] 27.4 (234) 29.0 (128) 25.7 (106)
Obesity [%(n)] 12.4 (106) 7.0 (31) 18.2 (75)
Body fat (%) # 27.6 £5.7 293 +4.7 258 +£6.1 <0.001
Nutritional status by body fat percentage
Low fat [%(n)] 0.35(3) 0.23 (1) 0.49 (2) <0.001
Normal fat [%(1)] 36.6 (312) 40.4 (178) 32.6 (134)
Excessive body fat [%(n)] 31.6 (269) 33.1 (146) 29.9 (123)
Obesity [%(n)] 31.5 (268) 26.3 (116) 37.0 (152)
Physical activity
Activity coefficient 1.52 +0.11 1.53 +£0.11 1.53 +£0.11 0.006
Biochemical data
Glucose (mg/dL) 844+97 83.4 £10.0 85.5+9.2 0.134
Insulin (mcU/mL) 63 +t44 71+£438 55£37 <0.001
QUICKI 0.38 £ 0.05 0.38 £ 0.05 0.39 £ 0.04 <0.001
HOMA-IR 1.33 +0.97 1.48 +1.08 1.17 +0.80 <0.001
IR [%(n)] 5.27 (45) 7.03 (31) 3.39 (14) <0.001

BMI, body mass index; IR, insulin resistance. # Variable follow a normal distribution. For comparison of means,
the Mann-Whitney U test was used if the distribution of the variables was not homogeneous, the Student’s ¢-test
for homogeneous distributions. The x? test was used to determine the significance of the differences between
proportions, p-values < 0.05 were considered statistically significant.

3.2. Diet Quality

Dietary data, diet quality data, and scores for each of the sub-items are shown in
Table 2, and Table S3 shows the dietary intake of those foods and nutrients included in the
different diet quality indices. Boys had higher caloric intake than girls, and the underesti-
mation of their diet was more significant than in girls (7.65 &+ 18.95% vs. —11.27 & 23.28%)).
They also scored significantly lower on all three calculated quality indices (HEI-2015, DASH,
and aDASH). According to the HEI-2015 sub-items, boys scored lower on servings of total
fruit, whole fruit, green vegetables, and legumes. Likewise, boys scored lower on the
(PUFAs+MUFAs)/SFAs ratio and sodium level than girls. Girls scored higher on red meat,
sugar-sweetened beverages, sodium (according to DASH and aDASH), and vegetables
and fruits (according to aDASH) than boys. Table 5S4 shows diet quality as a function of
age and sex, with younger children having better scores in diet quality index according to
allboth indices. The diets of the younger schoolchildren had a better ratio of unsaturated to
saturated fatty acids and consumed more dairy products. While older children consumed
more red meat, more sugary drinks, and more sodium per 1000 kcal.
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Table 2. Diet quality in the schoolchildren studied according to sex.

Total (n = 854) Girls (n = 441) Boys (n = 413) p-Value
Energy intake (EI) (kcal) # 2105 =+ 350 2066 + 338 2145 + 358 <0.001
Energy expenditure (EE) (kcal) 2125 + 377 1899 + 265 2365 + 325 <0.001
EI/EE (%) # 101.7 +£ 229 110.7 £ 22.8 922 +18.7 <0.001
Proteins (% EI) 15.6 £2.3 15.6 £2.3 155+24 0.356
Carbohydrates (% EI) 41.0+5.1 409 £5.0 41.1+£52 0.399
Lipids (% EI) # 41.8+ 4.8 419+47 41.8+49 0.454
HEI-2015 (total score) # 59.2 + 8.5 60.3 £ 8.5 579 + 84 <0.001
Total Fruits (score) 37+£15 38+14 36+t15 0.013
Whole Fruits (score) 39+15 40+£15 38+16 0.016
Total Vegetables (score) 31+14 32+14 29+1.3 <0.001
Greens and Beans (score) 38+17 394+ 1.6 37+18 0.087
Whole Grains (score) 1.1£18 1.1+£17 12£18 0.307
Dairy (score) 7.0+ 21 69 +2.1 71+£20 0.224
Total Protein Foods (score) 49404 49403 49+ 04 0.469
Seafood and Plant Proteins (score) 19+14 20+14 1.8£13 0.170
(PUFAs + MUFAS)/SFAs (score) 32+22 34+23 29+20 0.001
Refined Grains (score) 69+24 70+£24 6.8+24 0.206
Sodium (score) 8.6 +2.0 88+ 18 84421 0.018
Added Sugars (score) 8.70 + 1.57 8.76 + 1.55 8.63 + 1.58 0.145
Saturated Fats (score) 244+21 25422 22421 0.026
DASH (total score) 234 +3.7 239 +3.7 22.8 £3.7 <0.001
Red meat (score) 30+14 312+ 14 28+ 14 <0.001
Sugar drinks (score) 1.79 £ 0.41 1.83 £0.38 1.75+ 043 0.006
Sodium (score) 28+15 30+14 26 t15 <0.001
Whole Grains (score) 3.6+0.8 3.6+038 36+08 0.502
Low-fat dairy (score) 32+12 32+12 32+12 0.885
Vegetables (score) 30+14 31+15 29+ 14 0.139
Seeds, nuts and legumes (score) 30+14 30+14 29+15 0.174
Fruits (score) 30+14 31+14 30+14 0.252
aDASH (total score) 23.3+3.9 239 + 3.8 22,7+ 4.0 <0.001
Red meat (score) 30+14 31+14 28+14 0.001
Sugar drinks (score) 1.80 £ 0.40 1.83 £0.38 1.77 £ 0.42 0.018
Sodium (score) 29+15 30£15 27+15 0.028
Whole Grains (score) 3.6+0.8 3.6+0.38 36+038 0472
Low-fat dairy (score) 32412 32412 32412 0.873
Vegetables (score) 30+14 31+14 28+ 14 0.001
Seeds, nuts and legumes (score) 30+14 30+14 29+15 0.139
Fruits (score) 30+14 31+14 29+14 0.060

HEI-2015. Healthy eating index; DASH. Dietary Approaches to Stop Hypertension; aDASH. Alternate Dietary
Approaches to Stop Hypertension; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids;
SFAs, saturated fatty acids. # Variable follow a normal distribution. For comparison of means, the Mann-Whitney
U test was used if the distribution of the variables was not homogeneous, the Student’s f-test for homogeneous
distributions, p-values < 0.05 were considered statistically significant.

3.3. Risk of IR

Energy expenditure was higher in girls and boys with IR versus their non-IR coun-
terparts. There were no differences in energy or the scores of the different diet quality
indices between schoolchildren with and without IR (Table 3). Girls with IR scored lower
in vegetables, green vegetables, and legumes according to the HEI-2015 parameters and
lower in whole grains according to the DASH score than girls without IR. Boys with IR
scored lower on sugar-sweetened beverages according to the DASH and aDASH scores
than did boys without IR. Table S5 shows the consumption of foods and nutrients related
to the analyzed, diet quality indices subitems by sex and IR, but there were no significant
differences to highlight. Table S6 shows the quality of the diet according to the HOMA-IR in
the two age groups. In the younger girls group, those with IR consumed more protein and
more protein products than their peers without IR, however there were no differences in the
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score for protein products. In the older age group, boys with IR consumed more skimmed
dairy products, which make them score better on this item in the DASH and aDASH.

Table 3. Diet quality in the schoolchildren studied according to HOMA-IR and sex.

Total Girls Boys
HOMA-IR  HOMA-IR > HOMA-IR  HOMA-IR > HOMA-IR  HOMA-IR >
<316 3.16 <316 3.16 p <316 3.16
(n =809) (n = 45) (n = 410) (n=31) (n =399) (n=14)
Energy intake (kcal) # 2110 + 350 2002 + 330 0.022 2071 + 336 1998 + 361 0.123 2150 + 360 2010 + 261 0.076
Energy expenditure (kcal) 2121 + 372 2194 + 445 0.429 1892 £ 266 1998 4 237 # 0.016 2356 + 315 2629 + 495 0.029
EI/EE (%) 1021 £228 9424227 0.150 1114 +£227 1014 £22.0 0.013 06+186  784+152# 0.002
Proteins (%) 15.6 £2.3 158 £24 0.467 15.6 £2.3 15.6 £2.1 0.983 155423 16.1+£2.8 0.286
Carbohydrates (%) 41.0 £5.1 403 £5.0 0.263 409 £5.0 40.6 £ 44# 0.365 412452 39.9 £ 63 0.237
Lipids (%) # 41.8+48 421 +51 0.336 41.8+47 421 +44 0.402 41.8+48 423466 0.357
HEI-2015 (total score) 592 4+ 85 575486 0.094 60.5 + 8.4 578 +94# 0.044 579+ 85 56.8 4+ 6.7 # 0.319
Total Fruits (score) 37414 36+16 0.930 38414 38+16 0.748 36415 32415 0.402
Whole Fruits (score) 39+15 38+17 0.855 40415 40416 0.783 38+16 36+17 0.703
Total Vegetables (score) 31+13 20+15 0.317 33+13 27+15 0.043 20+13 32414 0.409
Greens and Beans (score) 38+1.7 3.6+ 1.8 0.171 40+16 33+20 0.039 37+18 41+13 0.716
Whole Grains (score) 11+18 0.6+08 0.262 11+18 05407 0.122 12418 08+1.0 0.680
Dairy (score) 70421 72419 0.609 69+2.1 73420 0.354 71420 70+18 0.790
Total Protein Foods (score) 49+04 49403 0.822 49403 49402 0.866 49404 48405 0.954
Seafood and Plant 19414 21415 0.559 20414 21414 0.767 18413 21417 0.685
Proteins (score)
(PUFAs Jf(;\f;igAs)/ SFAs 32422 28+23 0.247 35+23 20+£24# 0.088 2920 27+23 0.722
Refined Grains (score) 69+24 67 +24 0.633 70424 6.5+25# 0.111 6.8+24 73423 0.367
Sodium (score)—S 8.6 +2.0 84+22 0.716 88+ 18 89+19 0.488 84+21 73+24 0.052
Added Sugars (score) 87416 88416 0.595 87416 89414 0.735 86+16 85+19 0.802
Saturated Fats (score) 24422 21+18 0.635 26+22 224£20# 0.158 22421 21+16 0.810
DASH (total score) 233437 236436 0.605 239436 23.6+38 0.684 27+37 23.6+33 0.381
Red meat (score) 29414 32415 0.316 31414 32414 0.768 28414 31+16 0.433
Sugar drinks (score)—S 18404 17404 0.292 18404 18404 0.920 18404 15405 0.024
Sodium (score)—S 28415 32416 0.098 30414 35+15 0.073 26415 26417 0.886
Whole Grains (score) 36+08 33406 0.035 36+08 33406 0.042 36408 34406 0.484
Low-fat dairy (score)—I 32412 36+1.1 0.034 32412 35412 0.129 32412 37+11 0.115
Vegetables (score) 30414 28416 0.424 31414 27416 0.142 29414 31415 0.538
Seeds, nuts and
30414 31415 0.656 31414 28416 0.419 29415 36412 0.081
legumes (score)
Fruits (score) 30+14 28+13 0.212 31+14 28+14 0.337 3.0+14 26+13 0.324
aDASH (total score) 233 +39 235438 0.996 239 +38 237 +38 0.480 227440 23.0+38 0.760
Red meat (score) 29414 31+15 0.499 31414 32414 0.827 28414 29416 0.726
Sugar drinks (score)—S, R 18404 18404 0.408 18404 19403 0.571 18404 154£05 0.015
Sodium (score)—S 28415 28+15 0.969 20414 31+15 0.477 27+15 22414 0.176
Whole Grains (score) 36+08 34406 0.073 36+08 33406 0.097 36408 34406 0.508
Low-fat dairy (score)—I 32412 36+1.1 0.028 32412 35412 0.095 32412 36+1.1 0.148
Vegetables (score) 30414 29415 0.663 32414 28415 0.162 28414 31415 0.387
lsee‘isf nuts and 30414 31415 0.517 31414 29416 0.571 29415 36+12 0.079
egumes (score)
Fruits (score) 30+14 28+14 0.431 31+14 3.0+14 0.612 20+14 26+13 0.405

HEI-2015. Healthy eating index; DASH. Dietary Approaches to Stop Hypertension; aDASH. Alternate Dietary
Approaches to Stop Hypertension MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids;
SFAs, saturated fatty acids. Two-way ANOVA analysis: S: differences according to sex; I: differences according
to insulin resistance (IR) score; R: interaction between sex and IR. # Variable follow a normal distribution. For
comparison of means, the Mann-Whitney U test was used if the distribution of the variables was not homogeneous,
the Student’s t-test for homogeneous distributions, p-values < 0.05 were considered statistically significant.

Table 4 presents the logistic regression analyses with tertiles of the different diet quality
indices (the limits of each tertile are shown in Table S7) and the risk of IR. The results
are shown in crude (Model 1) and adjusted for age, sex, z-BMI, and activity coefficient
(Model 2).

For HEI-2015, in girls, having a score higher than the 33rd percentile (>56.8 points)
was associated with a lower risk of having IR (adjusted model 2: OR = odds ratio (95%

confidence interval): 0.43 (0.19-0.96), p = 0.020), both in the crude and adjusted models.

No association was found in boys. In the DASH and aDASH, no risk of IR was found
according to tertiles, neither in the total sample nor by sex.
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Table 4. Associations between dietary indices and insulin resistance according to sex. Logistic

regression analysis.

Model 1 Model 2
OR (95%CD), p OR (95%CI), p
Total
HEI-2015
T1 Ref. Ref.
T2 0.74 (0.37-1.50) 0.406 0.67 (0.32-1.41) 0.294
T3 0.57 (0.27-1.22) 0.148 0.40 (0.17-0.95) 0.038
T2 + T3 0.66 (0.36-1.21) 0.180 0.54 (0.28-1.05) 0.071
DASH
T1 Ref. Ref.
T2 1.65 (0.79-3.44) 0.179 1.51 (0.70-3.26) 0.299
T3 1.28 (0.59-2.77) 0.531 1.09 (0.47-2.52) 0.838
T2 + T3 1.47 (0.76-2.84) 0.256 1.30 (0.65-2.62) 0.456
aDASH
T1 Ref. Ref.
T2 0.94 (0.44-2.02) 0.871 0.90 (0.41-2.00) 0.803
T3 1.14 (0.53-2.45) 0.743 1.02 (0.46-2.30) 0.955
T2 + T3 0.88 (0.47-1.62) 0.669 0.77 (0.40-1.48) 0.430
Girls
HEI-2015
T1 Ref. Ref.
T2 0.46 (0.19-1.11) 0.085 0.44 (0.17-1.13) 0.086
T3 0.48 (0.20-1.17) 0.106 0.42 (0.16-1.14) 0.088
T2 + T3 0.47 (0.22-0.98) <0.001 0.43 (0.19-0.96) 0.040
DASH
T1 Ref. Ref.
T2 1.29 (0.54-3.09) 0.567 1.42 (0.57-3.55) 0.451
T3 0.96 (0.38-2.44) 0.932 0.83 (0.29-2.37) 0.733
T2+ T3 1.13 (0.52-2.45) 0.768 1.14 (0.49-2.62) 0.766
aDASH
T1 Ref. Ref.
T2 0.57 (0.22-1.45) 0.236 0.56 (0.20-1.55) 0.263
T3 0.70 (0.30-1.62) 0.510 0.70 (0.28-1.75) 0.447
T2 + T3 0.64 (0.31-1.33) 0.229 0.63 (0.29-1.41) 0.264
Boys
HEI-2015
T1 1.82 (0.52-6.35) 0.350 1.32 (0.35-4.98) 0.683
T2 0.81 (0.18-3.68) 0.784 0.32 (0.05-2.14) 0.242
T3 1.32 (0.41-4.29) 0.642 0.83 (0.24-2.92) 0.777
T2 + T3 1.82 (0.52-6.35) 0.350 1.32 (0.35-4.98) 0.683
DASH
T1 Ref. Ref.
T2 2.65 (0.65-10.81) 0.174 1.79 (0.39-8.11) 0.453
T3 2.21 (0.22-9.42) 0.285 2.44 (0.54-10.99) 0.246
T2 + T3 2.43 (0.67-8.84) 0.178 2.07 (0.54-7.97) 0.289
aDASH
T1 Ref. Ref.
T2 1.75 (0.46-6.67) 0.660 1.07 (0.24-4.76) 0.927
T3 1.51 (0.40-5.74) 0.558 1.47 (0.37-5.89) 0.584
T2 + T3 1.62 (0.50-5.26) 0.421 1.27 (0.37-4.43) 0.703

Model 1. Crude model. Model 2. Adjusted for age, sex, z-score of BMI, and activity coefficient. HEI-2015. Healthy
eating index; DASH. Dietary Approaches to Stop Hypertension; aDASH. Alternate Dietary Approaches to Stop
Hypertension, p-values < 0.05 were considered statistically significant.
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4. Discussion

To our knowledge, this is the first study to relate various diet quality indices to IR in
children in our country.

In a sample of 890 schoolchildren, it was observed that having a higher adherence to
the HEI-2015 diet-quality index was associated with a lower risk of IR in girls but not in
boys. Higher adherence to the DASH diet did not appear to be related to IR in either sex.

Furthermore, the prevalence of IR in the sample was 5.5%, which is similar to that
found in other age-matched populations in Greece [58] and Spain [44]. The prevalence
of IR was higher in girls than in boys, and these data agree with those obtained in other
studies on schoolchildren [33,62]. This could be because pubertal development occurs
earlier in girls than in boys and because of the differences in hormone levels between the
sexes [32,63]. Therefore, the results were also expressed by sex, and differences for both
sexes were observed.

The mean diet quality assessed using the HEI-2015 was 59.28 points. These data are
similar to those of other studies performed in American children [64,65]. According to
our results, greater adherence to the HEI-2015 is a protective factor against IR, which is
consistent with other studies conducted in adults [66]. Compared with previous versions
of the HEI, Monfort-Pires et al. observed in a study of an adult population that greater
adherence to the HEI decreased HOMA-IR [9]. Moreover, in a group of adult men in the
US, HEI was associated with various cardiovascular parameters, including HOMA-IR [67].
However, according to the Boston Puerto Rican Health Study results, HEI was not related
to any IR parameter in the adult population [68].

Several mechanisms may explain the relationship between HOMA-IR and HEI-2015
scores. One of them could be the scoring according to the consumption of plant-based
foods rich in fibre. The relationship between the fibre and IR is complex. Insoluble fibres
can improve postprandial satiety and reduce appetite. It also improves IR, as measured
using euglycemic hyperinsulinemic clamps. Soluble fibre can trap carbohydrates and
nutrients to decrease their absorption and delay gastric emptying, which would reduce
the postprandial glycaemic response. In addition, it can ferment in the intestine. It may
improve the quality of the gut microbiome, increasing the production of short-chain fatty
acids, which would help regulate the sympathetic and parasympathetic nervous systems,
in turn regulating glucose metabolism and IR [69]. The HEI-2015 also has two sub-items
referring to fats and their quality. Saturated fatty acids (SFAs) are more prone to be stored in
muscle than monounsaturated fatty acids and can cause increased IR in the muscle through
increased intramyocellular lipid accumulation. In addition, long-chain SFAs, compared
with unsaturated fats, are more readily incorporated into diacylglycerol than triacylglycerol,
which may also increase inflammation and IR [70] Another reason could be the negative
score for added sugars. A high intake of sugars results in an increased glycaemic load
on the diet, leading to (3-cell dysfunction, inflammation, and IR [71]. In the current study,
the results are presented as a full index, possibly because with an adequate diet these
mechanisms are jointly enhanced or complemented in some way.

In our study, the mean DASH score was 23.4, with a maximum score of 40, which is
slightly lower than that of schoolchildren in Tehran (24.0 points) [16] but higher than that
of children in Brazil (15.7 points) [14]. In this study, no relationship was observed between
IR and the DASH diet, which differs from Rahimi et al., where a higher aDASH score was
related to lower HOMA-IR values in children [16]. Likewise, in other adult studies, DASH
scores were inversely related to IR [72-74]. Our data are in line with those of two meta-
analyses performed in adults, where no clear association was observed between DASH and
HOMA-IR. However, these two studies found a trend toward insulin reduction [75,76].

The absence of results with respect to DASH may be because DASH and aDASH
scores are posteriori calculated indexes, that is, they were obtained using cut-off points
based on our sample. Although the HEI-2015 is an a priori index, it is based on dietary
recommendations. As observed in our results, many of the schoolchildren did not have
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a quality diet. Therefore, the diet quality indices calculated based on our data could
be affected.

Due to the contradictory results in different publications, further studies on the re-
lationship between IR and diet quality indices would be desirable. Moreover, very few
studies have addressed this problem in the pediatric population. Therefore, there is a need
to focus on this age group.

Finally, in our study, insulin resistance is related to age, i.e., older children have more
IR, which is consistent with the insulin peak that is described in adolescence [32]. In
addition, older schoolchildren score worse on diet quality indices, and consume more red
meat, sugar-sweetened beverages, and sodium. This is consistent with a study conducted
with the HEI-2010 where younger children had the highest overall diet quality [77].

One of the main strengths of our study was that it included a large sample size. In
addition, there is little literature on IR in children in this age range, and this is one of
the first studies to relate IR in children with indicators of a healthy diet. In addition, the
three-day log was used to calculate the diet quality indices in our study, which is one of
the most appropriate methods. One of the main limitations of the study is that being a
large community-based study, Tanner stratification by a clinician was not possible and
information on the pubertal status of the participating children was not included. As only
the tricipital fold could be obtained in most of the participants, the method for estimating
fat mass has limitations and is not the gold standard. Although the physical activity
questionnaire has been used in other studies, it is not a validated questionnaire. Finally,
the sample studied is a convenience sample, so the conclusions of our study should be
confirmed in future research.

5. Conclusions

We can conclude that greater adherence to a healthy dietary pattern, as assessed by a
higher HEI-2015 score, is associated with a reduced risk of IR in schoolchildren, especially
in girls. Regarding adherence to the DASH diet, no relationship with IR was observed in
our study. Given the above results, promoting a healthy diet based on the HEI-2015 index
in this age group could help reduce IR and, therefore, prevent the development of type 2
diabetes and metabolic syndrome.
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Abstract: This study aimed to investigate the glycemic and insulinemic effects of lunch timing based
on a fixed feeding window, and the effects of apple preload on postprandial glucose and insulin
responses after nutrient-balanced lunch and the subsequent high-fat dinner in healthy participants.
Twenty-six participants completed four randomized, crossover experimental trials: (1) early standard-
ized lunch at 12:00 (12S); (2) apple preload to 12S (12A+S); (3) late standardized lunch at 14:00 (14S);
and (4) apple preload to 14S (14A+S); wherein twenty participants’ blood samples were collected for
insulin analysis following the lunch trails. In each experimental trial, each participant equipped with
a continuous glucose monitor (CGM) was provided with a standardized breakfast and a high-fat
dinner to be consumed at 8:00 and 18:00, respectively. The late lunch (14S) resulted in significantly
elevated glucose peak, delayed insulin peak time, decreased insulin sensitivity, and increased insulin
resistance following the lunch; also decreased glycemic response following the subsequent dinner and
larger blood glucose fluctuation over the 24-h period compared with the 12S. The 14A+S significantly
reduced the glucose peak, the insulin peak time and the glycemic variability following the lunch,
also the 24-h glycemic variability compared with the 14S. The insulin sensitivity was significantly
improved in the 12A+S, compared with that of the 12S. In conclusion, the present study found that
an extra 2-h inter-meal fasting before and after lunch resulted in elevated glycemic response in both
macronutrient-balanced meal and high-fat meal in healthy subjects. The negative impact of a late
lunch could be partly reversed by the apple preload, without a trade-off of insulin secretion.

Keywords: meal timing; inter-meal interval; apple preload; glucose; insulin

1. Introduction

Obesity and hyperglycemia are regarded as among the most concerning public health
issues in most parts of the world [1,2]. Recently, the timing of food ingestion, in addition to
the composition of food, has been proposed as a crucial determinant of the postprandial
metabolic parameters associated with glycemic control and body weight management [3,4].

Evidence from epidemiological studies is accumulating that the late eating is associ-
ated with elevated risk of obesity, diabetes and cardiovascular diseases [5-8]. Several trials
indicated that the glycemic homeostasis and insulin sensitivity tend to deteriorate in the
later part of the day in healthy subjects [9-11]. Low glycemic meal could elicit greater glu-
cose response and insulin response when consumed at 22:00 than it could when consumed
at 18:00 [12]. Previous studies suggested that early dinner would be beneficial to keep
a mild postprandial glycemic response and a stable blood glucose level at night [13,14],
while a shortened feeding window in time-restriction feeding would help to lose weight
and improve glycemic control [15].

With respect to the effect of the meal timing on metabolic consequences, most trials
focused on the dinner time or the feeding window between breakfast and dinner [3,16]. It is
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well accepted that the timing of dinner plays a significant role in blood glucose regulation.
However, the timing of lunch, which sets the inter-meal fasting period after breakfast and
before dinner, was yet to be fully explored. Limited studies referring the postprandial
glycemic response of lunch gave inconsistent results regarding the postprandial glycemic
response after lunch and the subsequent meal [9,17,18]. Given that the time setting of
the meals were different among studies, it is not easy to precisely compare the results
in different studies, as the confounders of unequal meal intervals and feeding windows
cannot be ruled out.

Several epidemiological studies have suggested that late lunch patterns were related to
less effective weight-loss [19-21], increased insulin resistance [19], and the risk of polycystic
ovary syndrome [22]. A few randomized controlled trials investigating different lunch
timing demonstrated that late lunch resulted in decreased glucose tolerance, disturbed
stress hormone rhythm [23], negative body composition change, and reduced microbiota
diversity in healthy women [24]. However, there is paucity of data regarding the impact of
the inter-meal interval on the postprandial glucose and insulin response and the glycemic
excursion over the 24-h period, based on the same feeding window in real life settings.

It has been already proved that preload can be a convenient dietary strategy to im-
prove postprandial glucose homeostasis [25,26]. Previous studies reported that the fruits
and dried fruits such as apple [27-29], when consumed 30 min prior to a rice meal, signifi-
cantly mitigated the postprandial glycemic response in extents of 31.4% to 50% cut of the
incremental area under the curve (iIAUC). However, it had not yet been confirmed whether
the fruit preload could exert a remarkable glycemic stabilizing effect in nutrient-balanced
mixed meals with different mealtime settings.

In the present study, we set the early lunch at 12:00 and the late lunch at 14:00, with
a fixed feeding window of 10 h (8:00 to 18:00). The glycemic and insulinemic effects of
lunch timing, and the effects of the apple preload on postprandial glucose and insulin
responses after nutrient-balanced lunch and the subsequent high-fat dinner, were inves-
tigated in healthy participants. We supposed that the inter-meal interval would pose an
impact on postprandial glycemic response based on a fixed feeding window. The first
research hypothesis was that an extended before-meal fasting might resulted in exaggerated
postprandial blood glucose excursion in the context of lunch and dinner, irrespective of
the macronutrient composition of the meal. The second hypothesis was that the apple
preload would partly reverse the negative glycemic and insulinemic responses elicited by a
prolonged inter-meal fasting.

2. Materials and Methods
2.1. Participants and Ethics

Participants of both sexes volunteered via social media advertisements and were
included if the following criteria were satisfied: generally healthy university students
with a normal body mass index (BMI) between 18.5 and 24.0 kg/m? [30]; a regular sleep—
wake cycle; consuming 3 meals a day with lunch no later than 13:00 and dinner no later
than 19:00; and a regular menstrual cycle (if female). The following exclusion criteria
were applied to select the potential participants: allergies or intolerance to any of the
test foods; a change in body weight of more than 5 kg within the past six months; any
metabolic diseases covering diabetes, hypertension, metabolic syndrome; gastrointestinal
disorders such as gastroesophageal reflux disease; heavy drinking; active smoking; use of
medications or supplements known to affect circadian rhythms or metabolism; sleeping
and eating disorders; engagement in competitive or endurance sports.

All participants interested in the study completed a questionnaire on daily lifestyle
habits (dietary, sleep, physical activity) and health status by a face-to-face interview for an
initial pre-screening. After that, eligible participants attended the lab for a morning, fasted,
baseline tested visit prior to the first trial condition where a 2-h oral glucose tolerance test
(OGTT) was administered. Before the test, body mass and fat mass were measured using
a body fat scale (HBF-371, OMRON, Yangzhou, China) where the visceral fat index and
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basal metabolic rate (BMR) were obtained in the meantime. Resting blood pressure was
measured in duplicate using an electronic blood pressure monitor (HEM-7200, OMRON,
Dalian, China). Waist and hip circumferences were measured using a tape measure in
duplicate to the nearest 0.1 cm.

The study protocol was conducted according to the principles laid down in the
Helsinki Declaration, granted by the Ethics Committee of China Agricultural Univer-
sity (ethics number CAUHR-20220202), and registered at the Chinese Clinical Trial Registry
(ChiCTR2200057791). All eligible individuals provided the written informed consent.

2.2. Study Design and Procedures

Each participant attended four separate experimental conditions in an unblinded,
randomized, crossover design, with each session being separated by a wash-out period of
at least three days. As shown in Figure 1, each test session spanned four consecutive days
from around 18:00 on Day —1 until 8:00 on Day 2. Participants were advised to maintain a
regular sleep routine and not to perform any strenuous exercise during each study session.

I Day -1 | Day 0 | Day 1 | Day 2 l
8:00 12:00 18:00 8:00
1 | 1 | 3 | 1 ] 1 | 1 ) 1 1 ) 1 1
1 1 6 6 60606 606 1 1 1 1 1 1
Early Breakfast Lunch Dinner  dumplings
Lunch sandwich

" Trial conditions:
soybean milk | g, ndardized lunch at 12:00 (128)
apple preload 30min prior to 12S (12A+S)

‘ Day -1 | Day 0 | Day 1 | Day 2 ‘
8:00 14:00 18:00 8:00
1 | 1 1 1 ] 1 ] 1 Il 1 1 1 1 1 1 |l 1
+ 1 1 . %“‘ . ‘ + 1 1 1 1
Late Breakfast Lunch Dinner dumplings
Lunch :
sandwich

b Ik Trial conditions:
soybean mt standardized lunch at 14:00 (14S)
apple preload 30min prior to 14S (14A+S) ‘ capillary blood sample

L
>

CGM and activity monitoring

Figure 1. Summary of the study experimental design. CGM, continuous glucose monitor. All
participants underwent four lunch trial conditions in a randomized order, including standardized
lunch at 12:00 (12S); apple preload 30 min prior to 12S (12A+S); standardized lunch at 14:00 (14S);
apple preload 30 min prior to 14S (14A+S).

The procedures were identical during each test session, except for the type and timing
of the served lunch meals on the test day (Day 1). On Day —1, participants were fitted
with a continuous glucose monitor (CGM) (Abbott, Shanghai, China) and a smart bracelet
(Xiaomi, Beijing, China) to monitor the physical activity during each test session. On Day 0,
participants were instructed to consume the breakfast, lunch and dinner in a ‘free-living’
environment at 8:00, 12:00, and 18:00, respectively, and abstain from fruits, coffee, tea or
alcohol. On Day 1 (trial day), participants arrived at the laboratory around 7:45 following
an overnight fast lasting 12 h and were provided with a standardized breakfast at 8:00.
Then, participants were not allowed to consume anything other than water until the lunch
meal, which was one of the four test meals: (1) standardized lunch at 12:00 (12S); (2)
apple preload 30 min prior to 125 (12A+S); (3) standardized lunch at 14:00 (14S); and (4)
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apple preload 30 min prior to 14S (14A+S). In the non-preload meal, water was given
30 min before the meal instead of apple. At 18:00, the participants were provided with
the traditional Chinese food—dumplings—as the subsequent standardized dinner. The
contents and energy of breakfast and lunch were identical for each participant. For the
dinner, the participants consumed the dumplings ad libitum during the first trial, and the
quantity ingested was replicated in the subsequent trials for each participant.

2.3. Test Meal Components

The standardized breakfast containing 383 kcal had a macronutrient composition
of approximately 58% carbohydrate, 21% fat and 21% protein, consisting of a sandwich
(toast, sliced ham, tomato, lettuce) and a cup of soy milk. The macronutrient contents and
energy composition of the test lunch meals are shown in Table 1. The standardized lunch
(S) consisted of white rice, lactose-free low-fat milk, egg and a vegetable salad (romaine
lettuce, cherry tomato, broccoli with roasted sesame dressing and sesame o0il), and 119.2 g
water for weight balance. The standardized lunch with apple preload (A+S) included
red fuji apple containing 15.0 g of available carbohydrate consumed 30 min prior to a
standardized lunch with reduced amount of rice. The two test lunch meals were tightly
matched in energy content and macronutrient distribution as 60% from carbohydrate,
25% from fat and 15% from protein. The energy of dumplings for a high-fat dinner were
distributed as follows: 54% from fat, 33% from carbohydrate and 13% from protein, with
37 kcal per dumpling. The energy content and macronutrient composition of the served
food items were calculated from China Food Composition Tables, manufacturer data and
determination experiments. All the test meals were prepared and weighed by the study
staff on the day of each session, immediately served to the volunteers and consumed within
15 min to avoid possible retrogradation of starch.

Table 1. The composition, macronutrient and energy contents of the lunch test meals L

Test Carbohydrate  Protein Fat Energy

Meals (g) (® (® (kcal) Detail Content

Lactose-free low-fat milk 200 g,
roasted sesame dressing 25 mL,
egg yolk 10 g, egg white 50 g,
52 97.2 24.2 18.0 648 romaine Lettuce 25 g, cherry
tomato 75 g, broccoli 50 g,
sesame oil 2 g, uncooked rice
100 g, water119.2 g

Lactose-free low-fat milk 200 g,
roasted sesame dressing 25 mL,
egg yolk 10 g, egg white 50 g,
A+S3 97.2 24.1 18.1 648 romaine Lettuce 25 g, cherry
tomato 75 g, broccoli 50 g,
sesame oil 1 g, uncooked rice
80.2 g, apple 140 g

! The nutritional contents of the lunch test meals were obtained from China Food Composition Tables, manu-
facturers and determination experiments.? S: standardized lunch.> A+S: apple preload 30 min prior to standard-
ized lunch.

2.4. Continuous Glucose Monitoring

The continuous glucose monitor (CGM) was performed on Day —1 at approximately
18:00 and the sensor was removed on Day 2 of the study at approximately 9:00. The data
reported in this paper represented interstitial glucose readings recorded every 15 min and
occasional missing values were imputed by averaging adjacent values.

182



Nutrients 2022, 14, 3617

2.5. Blood Collection and Analysis

During lunch meals, blood glucose concentrations from finger prick samples were
measured by a handheld, commercial glucometer (LifeScan Inc., Milpitas, CA, USA) at —40
and —30 min, after which the participants consumed water or apple, and further blood
was drawn at —15, 0, 15, 30, 45, 60 and 90 min. In addition, a 150 pL capillary blood sample
from the fingertip was collected into EDTA K2-treated centrifuge tubes (WanDGL Ltd.,
Jinan, China) at —30, 0, 30, 45, 60 and 90 min for insulin measurement. Within 30 min
of blood collection the blood samples were centrifuged at 1000 x g for 15 min with 60 puL
supernatant plasma dispensed into 0.5 mL Eppendorf tubes and stored at —80 °C until
the assay. Plasma insulin concentrations were determined using an ELISA-based test kit
(JunLB Ltd., Beijing, China).

2.6. Data Processing and Statistical Analysis

The postprandial glycemic data analysis was based on the change values relative
to the fasting concentration. The postprandial insulin data were based on the percent
change in insulin relative to the fasting insulin concentration to eliminate inter-personal
variability. The incremental area under the curve (iAUC) was calculated for postprandial
interstitial / capillary glucose and insulin responses using the trapezoid method above the
baseline concentration. The incremental peak values (APeak) for postprandial glucose
and insulin were calculated. To assess the postprandial glucose variability, the following
indexes were assessed: the largest amplitudes of glucose excursion (LAGE); the standard
deviation of blood glucose (SD); the coefficient of variation in blood glucose (CV); continu-
ous overlapping net glycemic action (CONGA-1), defined as the SD of the glycemic changes
recorded between a specific point and a point one hour earlier; and J-index, calculated as
0.324 x (mean glucose + SD glucose)?. To estimate insulin sensitivity, the insulin sensitivity
index was calculated as 10,000/square root of (fasting glucose x fasting insulin x mean
glucose x mean insulin) [31]. An index of postprandial insulin resistance (HOMA-PP) was
calculated for each lunch trial using the following equation [32]: HOMA-PP (x10%) = iAUC
glucose x iAUC insulin/22.5, which has been validated against the minimal model and
the intravenous glucose tolerance test [33,34].

The analysis of 24 h glycemic response monitored by CGM, covering from 8:00 on
Day 1 to 8:00 on Day 2, was based on the absolute glucose concentrations. Total area under
the curve (tAUC), the mean glucose concentrations (Mean), the max glucose concentrations
(Peak), LAGE and SD were calculated for 24 h glycemic response. Additionally, the
percentage of the glucose changes greater than 2.5 for each participant (GC > 2.5) was
calculated to reflect the 24 h glucose excursion, as well as the percentage of GC > 5.0. We
also defined APy .p as the difference between the postprandial glucose peak values after
lunch and dinner to represent the glucose fluctuation over a day.

A power calculation was conducted with the PASS 13 Power Analysis and Sample Size
software (NCSS, Kaysville, UT, USA), based on a previous study [27]. A sample size of
n =11 was required to provide 80% power to detect a change of 167.8 mmol-min/L iniAUC
(p < 0.05), assuming that the standard deviation (SD) is lower than 55.15 mmol-min/L.

All the statistical analysis was performed using the SPSS version 23.0 (SPSS Inc.
Chicago, IL, USA). Two-way repeated measures ANOVA was chosen to assess the effects
of treatment, time, and the interaction of treatment and time. One-way analysis of variance
ANOVA and Duncan’s multiple range test were performed to analyze the differences in
the above-mentioned parameters. The variables are presented as the mean + standard
deviation (SD) or the mean value with standard error (SE), with p < 0.05 considered
statistically significant.

3. Results
3.1. Baseline Characteristics of Participants

A total of 26 participants were enrolled in the study and completed four treatments
with CGM, wherein 20 participants’ capillary blood was collected for glucose and insulin

183



Nutrients 2022, 14, 3617

analysis, as the remaining 6 participants had difficulty in collecting 150 uL capillary blood
from the fingertip. Baseline characteristics of study participants are presented in Table 2.

Table 2. Baseline characteristics of study participants.

Characteristics Mean + SD (Male/Female)
Number of participants
(male/female) 26(12/14)
Age, years 20.8 £ 0.9
Body composition
BMI, kg/m? 214 +21/208 +1.7
Waist: hip ratio 0.7 £0.0/0.8 0.0
Waist: height ratio 0.4 £0.0/0.4 +0.0
Fat mass, % 156 +4.1/24.1 +4.0
Visceral fat index 48+20/23+£12
Basal metabolic rate (BMR), kcal/day 1391.6 +203.4
Systolic blood pressure, mmHg 114.0 £12.3
Diastolic blood pressure, mmHg 67.0 £9.0
Habitual meal timing
Breakfast 8:02 + 0:42
Lunch 11:42 + 0:25
Dinner 17:41 4+ 0:22

The total daily energy intake on Day 1 was 1646 + 137 kcal, with a distribution spread
of 23% at breakfast, 39% at lunch and 38% at dinner meal. None of the participants reported
any physical or gastrointestinal discomfort in each trial.

3.2. Postprandial Interstitial Glycemic Responses Following the Lunch Test Meals

The postprandial interstitial glycemic responses following the Iunch test meals are
shown in Figure 2. The postprandial interstitial glycemic responses of the 12A+S were
remarkably lower than that of 125, manifesting a significant lower glucose level from
30 min to 150 min and at 225 min. The 14A+S led to a significant lower glucose level at 30,
45 and 120 min than that of 14S. With respect to the different lunch timings, the 14S elicited
a lower fasting glucose at 0 min, a higher peak value at 45 min, and lower glucose values at
225 and 240 min than the 125 did (p < 0.05). The postprandial glucose response pattern of
the early lunch at 12:00 was characterized by three small peaks instead of one sharp peak
in the case of the late lunch at 14:00 during the whole 270 min.

Table 3 shows the postprandial interstitial glycemic parameters for the lunch test meals.
The apple preload treatments (A+S) elicited significantly lower APeaky79, LAGE,7y and
other glycemic variability indices than their standardized lunch (S) counterparts, regardless
of the meal timing. In addition, the degree of improvement in 12A+S trial conditions
was superior to 14A+S for all the parameters. The iAUCy.p79 of 12A+S was significantly
improved and achieved a 33.7% reduction compared with that of the 12S. There were no
differences in the postprandial interstitial glycemic parameters except for the APeakyyg
between 125 and 14S. In addition, the numbers of participants who had peak blood glucose
concentrations exceeding 10 mmol/L were eight in the 14S test while only two in the
12S test.
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Figure 2. Postprandial interstitial glycemic responses following the lunch test meals. 12S, standard-
ized lunch at 12:00; 12A+S, apple preload 30 min prior to 12S; 14S, standardized lunch at 14:00; 14A+S,
apple preload 30 min prior to 14S. —30 min = the commencement of the water or apple; 0 min = the
time when the standardized mixed meal was given. Data are mean + SE (n = 26). * Apple preload
treatments (A+S) different from their standardized lunch (S) counterparts (p < 0.05), T 14S different
from 12S (p < 0.05).

Table 3. Postprandial interstitial glycemic parameters for the lunch test meals (mean =+ SE, n = 26).

Test iAUC0-270 APeak270 LAGE270 o
Meals (mmol-min/L) (mmol/L) (mmol/L) SD CV (%) CONGA-1 J-Index
125 4326 +29.72 394022 42+ 032 13+0.12 211+ 1.1 204013 17.1+ 0.8
12A+S 287.0+183P  24+0.1Pb 254+01¢ 0.74+0.0¢ 12.7+0.6¢ 11+01¢ 13.0+05¢
14S 4821 +3462  47+03€ 504022 1.6+0.12 246+1.12 254012 205+122
14A+S 392.0 +£ 2692 344022 354+ 02P 1.0+01Pb 174+ 1.1k 1.6+01P 159+ 0.8"

ab< Different superscript letters denote that mean values within a column are significantly different (p < 0.05). 12S,
standardized lunch at 12:00; 12A+S, apple preload 30 min prior to 12S; 14S, standardized lunch at 14:00; 14A+S,
apple preload 30 min prior to 14S.

3.3. Postprandial Capillary Glucose and Insulin Responses Following the Lunch Test Meals

Figure 3 shows the postprandial capillary glucose and insulin responses and param-
eters in four lunch trial conditions. The outcomes of capillary glucose were generally
consistent with those obtained by CGM, except that a delayed peak value occurred at
45 min in the postprandial glycemic response curve and a larger glucose iAUC.1p9 in
14S (p < 0.05). The insulin data showed that the 14S induced higher insulin iAUCy.159
and insulin APeakjyy than 12S did (p < 0.05). Apple preload restored the peak glucose
concentration and the glucose iAUC after the late lunch but failed to reverse the insulin
iAUC to that of the early lunch’s level.

As shown in Figure 4, there was a significant difference between the 14S and the
14A+S in terms of the glucose peak time. Furthermore, an obvious delay in the insulin peak
time was observed in the 14S. The insulin sensitivity index of the 14S was 30.7% lower than
that of the 125, while the 12A+S5 achieved a 20% increase in the insulin sensitivity index
compared with 12S (p < 0.05). In addition, the HOMA-PP of 14S was 3.05-fold higher than
that of the 12S (p < 0.05). The delayed insulin peak time of the 14S was restored, but the
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impaired insulin sensitivity and insulin resistance was not recovered by the apple preload
treatment (14A+S).
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Figure 3. Postprandial capillary glucose responses and parameters (a—c), postprandial capillary
insulin responses and parameters (d—f) in four lunch trial conditions. 12S, standardized lunch at
12:00; 12A+S, apple preload 30 min prior to 12S; 14S, standardized lunch at 14:00; 14A+S, apple
preload 30 min prior to 14S. —30 min = the commencement of the water or apple; 0 min = the
time when the standardized mixed meal was given. Data are mean + SE (1 = 20). * Apple preload
treatments (A+S) different from their standardized lunch (S) counterparts (p < 0.05), ¥ 14S different
from 12S (p < 0.05). Significant differences (p < 0.05) are represented by different letters on the bars in
figure (b,c,ef).
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Figure 4. Glucose peak time (a), insulin peak time (b), insulin sensitivity index (c¢) and HOMA-PP
(d) in four lunch test meals. 12S, standardized lunch at 12:00; 12A+S, apple preload 30 min prior to
12S; 14S, standardized lunch at 14:00; 14A+S, apple preload 30 min prior to 14S. Data are mean + SE
(n = 20). Significant differences (p < 0.05) are represented by different letters on the bars.
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3.4. Postprandial Interstitial Glycemic Responses Following the Subsequent Meals

Figure 5 shows the postprandial interstitial glycemic response and parameters after
a high-fat dinner, the subsequent meal of the test lunch. There were no differences in the
postprandial interstitial glycemic responses and parameters between A+S and S, while the
meal timing made a difference indicated by a higher glucose value from 45 to 180 min and
increased APeak, LAGE, SD in the subsequent meal of 12S (p < 0.05). The difference in the
postprandial glucose iAUC g9 after dinner between S and its A+S counterparts did not
reach the significant level, though about half of the subjects showed increased glycemic
iAUCq.1g9 after the dinner following the apple preload lunch meals.
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Figure 5. The postprandial interstitial glycemic response (a), the APeak and LAGE (b), and the SD
(c) at a subsequent high-fat dinner. 125, standardized lunch at 12:00; 12A+S, apple preload 30 min
prior to 12S; 14S, standardized lunch at 14:00; 14A+S, apple preload 30 min prior to 14S. 0 min = the
commencement of the dinner. Data are mean + SD in figure (b), mean + SE in other figures. ¥ 14S
different from 12S (p < 0.05). Significant differences (p < 0.05) are represented by different letters on
the bars in figure (c).

3.5. 24 h Interstitial Glucose Trace

Figure 6 shows the interstitial glucose trace for 24 h in four lunch test trials, and the
24 h interstitial glucose parameters are shown in Table 4. There was no significant difference
in the 24 h Mean and 24 h tAUC among the four lunch trial conditions. The apple preload
intervention (A+S) elicited significantly lower 24 h Peak, LAGE, SD and AP} .p than their
non-preload counterparts did, regardless of the lunch meal timing. The treatment 12A+S
attained a smallest percentage of the glucose changes greater than 5.0 mmol/L (GC > 5.0),
while the 14A+S achieved a significant decrease in the percentage of GC > 2.5 and GC > 5.0
compared with the 14S. The 24 h Peak, LAGE, the percentage of GC > 5.0 and APy p of the
14S were significantly higher than those of the 12S.

10

— 128
9| — 12A+S
r — -148
)\ — —14A+S

Interstitial blood glucose(mmol/L)

Q%QQ‘\
Figure 6. The interstitial glucose trace for 24 h in lunch testing trial conditions. 12S, standardized

lunch at 12:00; 12A+S, apple preload 30 min prior to 12S; 14S, standardized lunch at 14:00; 14A+S,
apple preload 30 min prior to 14S.
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Table 4. The 24 h interstitial glucose parameters for four lunch trail conditions (mean + SE, n = 26).

Test 24hMean 24 htAUC 24hPeak 24hLAGE o o
Meals  (mmolL) (mmolh/L) (mmolL)  (mmolr)  22PSD  GC>25(%)  GC>50(%)  APLp
128 50+ 0.1 1208+15 8440238 47+033% 1.0+00% 6.14+0.82 024012 144022
12A+S 5.0+ 0.1 1202 +1.8 74402 364+02> 09+00P 40+1.02 0.0+002 03+02P
148 50+0.1 1195417 94+03¢ 57+03°¢ 11401¢ 5.9 4+ 0.72 13404P 334+02¢
14A+S 494+ 0.1 116.6+2.0 80+023 414023 09+0.0 36+06P 02+012 214034

abed Different superscript letters denote that mean values within a column are significantly different (p < 0.05).
12S, standardized lunch at 12:00; 12A+S, apple preload 30 min prior to 12S; 14S, standardized lunch at 14:00;
14A+S, apple preload 30 min prior to 14S.

4. Discussion

The present study found that the postprandial glycemic response following a late
lunch (14S), which had an extra 2-h interval between the breakfast and the lunch, was
characterized by significantly elevated glucose peak, delayed insulin peak time, decreased
insulin sensitivity index, increased insulin resistance following the lunch, and also de-
creased glycemic response following the subsequent dinner and larger blood glucose
fluctuation over the 24-h period when compared with an early lunch (12S). The apple
preload prior to a mixed meal with balanced macronutrient composition could partly
reverse the negative impact of a late lunch by lowering the glucose peak, restoring the
insulin peak time, reducing the glycemic variability, and improving the 24-h glycemic
variability. The apple preload treatment improved the insulin sensitivity when applied at
an early lunch, but failed to recover the insulin sensitivity at a late lunch.

Several crossover trials have shown the detrimental glucose metabolism consequences
caused by late dinner in healthy participants [12-14,35,36], but only one study investigated
the effect of a late lunch on postprandial blood glucose levels [23]. In the present study,
the early and late lunch were set at 12:00 and 14:00, respectively, with a 2-h difference
between meals, while the previous study was set at 13:00 and 16:30, respectively, with a
3.5-h difference between the two treatments [23]. Though there was only a 2-h difference in
breakfast-lunch intervals, we observed a significant higher peak glucose and insulin value,
decreased insulin sensitivity index, and greater postprandial insulin resistance in the late
lunch trial condition (14S) compared with that of the early lunch.

The early-phase insulin response was supposed to play a critical role in determining
postprandial hyperglycemia [37,38]. In the present study, compared with the 125, the 14S
showed delayed insulin peak synchronized with a delayed and elevated glucose peak,
suggesting that the late lunch might induce a weak early-phase insulin secretion due to an
insufficient 3-cell response, which in turn posed a need for a sustained insulin supply to
bring the glucose concentration back towards the baseline.

The larger postprandial glucose fluctuation in the 14S could be attributed to the
prolonged meal interval between breakfast and lunch resulting from late eating, which
might change the energy substrate utilization as fasting carbohydrate oxidation would
decrease under a late eating condition [23]. Previous studies observed that breakfast
skipping increased fat oxidation and decreased carbohydrate oxidation before lunch [39,40],
while the increased preprandial lipid oxidation could be an independent predictor of
postprandial glycemic response [41]. A prolonged fasting period might be considered
as a stress that leads to enhanced lipolysis in both healthy subjects [42] and the type
2 diabetes [43]. An elevated plasma free fatty acid level, however, was associated with
increased insulin resistance and hepatic glucose production [44,45].

The circadian rhythm could be another possible factor in the postprandial hyper-
glycemia in the condition of a late lunch, as the endogenous rhythms promote a steady
increase in glucose concentration through the 24-h day independent of the behavioral
cycle [46,47]. The misalignment between the circadian cycle and the fasting/feeding and
sleep/wake cycle has been shown to elevate both the glucose and insulin level due to
the exaggerated postprandial glucose response in the later part of day [48]. However, in
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the late-night feeding trials, the intervals between the lunch and dinner were different
5hvs. 9h[12], 5hvs. 8 h[13], 6 h vs. 9 h (with a snack in the afternoon) [14],
7hvs. 10.5 h[35] and 6 h vs. 11 h [36]) in the previous studies. The interval between
meals might play a larger role in effecting the postprandial glycemic response, in addition
to the circadian factor. The outcome of the present study supported our research hypothesis,
as a 2-h longer interval between breakfast and lunch resulted in a poorer glycemic response
after lunch, while a 2-h shorter lunch—dinner interval induced a milder glycemic response
after dinner.

The window for food consumption in this study was 10 h (between 8:00 and 18:00). It
is reported that a mild time-restricted eating (TRE), especially those focused on the early
part of the day [49], could improve blood glucose control and insulin sensitivity [14,15]. The
present study suggests a possibility that part of the benefit of the TRE might be attributed
to the shortened meal interval in addition to the circadian rhythm factor, since the timing of
the intermediate meal influenced the 24-h glucose fluctuation, with a fixed eating schedule
of first and last meal. Given that most studies on TRE only specified the eating window
between the first and last meal [50,51], the effect of the interval between meals deserves
investigation in future studies.

Previous studies have confirmed the hypoglycemic effect of the apple preload based
on a rice meal [27,29]. However, this study is the first to show that the apple preload
could ameliorate the postprandial glycemic response following a mixed meal, whether at a
routine lunch time or at a late lunch setting, based on a nutrient-balanced meal composition.
The apple preload effectively reversed some of the negative effects of a later lunch, achieved
a smaller blood glucose peak, a non-delayed glucose peak time and insulin peak time,
reduced iAUC of blood glucose, and milder glycemic excursion compared with its non-
preload counterpart.

The insulin data indicated that the apple preload did not elicit increased absolute
insulin secretion. On the contrary, it was found that the insulin iAUCy.159 of 12A+S
and 14A+S achieved a 24.5% and 17.6% decrease, respectively, compared with their non-
preload counterparts. The insulin levels were lower in 12A+S at 60-120 min and 14A+S
at 75-120 min, compared with their non-preload counterparts. What is more, the 12A+S
showed improved postprandial insulin sensitivity index compared with the 12S. These
results suggested that the hypoglycemic effect of the apple preload might relate to an
enhanced insulin sensitivity rather than elevated insulin production.

The mechanism of the apple preload’s action on the improvement of postprandial
glycemic response is yet to be elucidated. As our previous study found that the co-
ingestion of apple and rice did not elicit the same effect as apple preload 30 min prior to
the rice did [27], it seems that the effect of the preload treatment depends on a precise
timing [52]. The sugar component of apple may play an important role, as the fructose [53]
and apple sugar solution [27] could attenuate the postprandial glycemic response in a
preload setting. Though the fructose does not stimulate a rapid insulin response, the
ingestion of sugars such as glucose and sucrose can be a stimulus for the cephalic phase
insulin response (CPIR) that helps to improve glucose control [54,55]. The action of CPIR
could not be ruled out though the insulin data within 10 min was not collected. It is
possible that a synergy of the induction of CPIR and the catalytic effect of fructose on liver
glucose metabolism [56,57] enabled the remarkable preload effect without up-regulating the
insulin, as a greater fructose/glucose ratio in the moiety of sugar components was found
to favor the hypoglycemic effect of fruits and dried fruits [58]. Another possibility is the
modification of the pattern of entero-insular axis peptides by preload apple carbohydrate.
It is reported that slow-digest carbohydrates could increase glucagon-like peptide-1(GLP-1)
while decreasing gastric inhibitory polypeptide (GIP) [59]. The carbohydrate in apple is of
low glycemic type with glycemic index of 36 [60], while apple polyphenols were shown to
be associated with the inhibition capacity of x-glucosidase [61].

To the best of our knowledge, this is the first study to explore the effect of between-
meal interval on postprandial glycemic effect of two meal settings with two macronutrient
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composition meals. It is also the first report with respect to the effect of a preload on
the hyperglycemia caused by delayed meals. The glucose and insulin responses during
the postprandial period based on different lunch timing were investigated, as well as the
glycemic response following the next meal. The glycemic effect of the test meals was
double checked with CGM and capillary blood tests. In this study, the mealtime on Day 0
was stipulated and the breakfast on Day 1 was provided for the participants in order to
minimize any variations in baseline metabolite concentrations prior to the lunch trial and
diminish possible carryover effects derived from the participant’s previous meal. Given
that the irregular mealtime is a common problem in working people of contemporary
society, the study on the glycemic response based on meal intervals is relevant.

However, the limitations of our study must be considered. Firstly, this is a one-day
experiment with healthy participants, so the effect of delayed lunch and prolonged inter-
meal fasting is still to be confirmed by long-term intervention studies and in the prediabetic
and the diabetic groups. Secondly, the CPIR after meal was not determined. Thirdly, the
possible change in the level of hormones such as cortisol and GLP-1, as well as the possible
change in digestion process, were not investigated. Finally, only the apple preload was
tested in the trial. The possible preload effect of other food could not be extrapolated from
the present study.

5. Conclusions

In conclusion, the present study found that an extra 2-h inter-meal fasting before and
after lunch could result in elevated glycemic response in both macronutrient-balanced
meals and high-fat meals in healthy participants. The negative impact of a late lunch could
be partly reversed by an apple load prior to lunch, without a trade-off of insulin secretion.
The result of the present study suggests that the between-meal interval may be a potential
key determinant in glycemic stability in addition to the diurnal rhythm. The possible
metabolic consequences of late lunch times and the mechanism need to be investigated,
especially in people of impaired glucose tolerance and the diabetes patients.

Author Contributions: Conceptualization, Z.F; methodology, Z.F., X.L. (Xuejiao Lu) and A.L.; formal
analysis, X.L. (Xuejiao Lu); investigation, X.L. (Xuejiao Lu), R.L., A.L., X.L. (Xinling Lou) and J.H.;
writing—original draft preparation, X.L. (Xuejiao Lu); writing—review and editing, Z.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study protocol was conducted according to the prin-
ciples laid down in the Helsinki Declaration and approved by the Ethics Committee of China
Agricultural University (ethics number CAUHR-20220202).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We sincerely thank all the volunteers participated in the blood glucose tests for
their time and corporation.

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

References

1. Ford, N.D,; Patel, S.A.; Narayan, M.V. Obesity in Low- and Middle-Income Countries: Burden, Drivers, and Emerging Challenges.
Annu. Rev. Public Health 2017, 38, 145-164. [CrossRef] [PubMed]

2. Sun, H.; Saeedi, P,; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, ].C.N.; Mbanya, J.C.;
et al. IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045.
Diabetes Res. Clin. Pract. 2022, 183, 109119. [CrossRef]

3. Papakonstantinou, E.; Oikonomou, C.; Nychas, G.; Dimitriadis, G.D. Effects of Diet, Lifestyle, Chrononutrition and Alternative
Dietary Interventions on Postprandial Glycemia and Insulin Resistance. Nutrients 2022, 14, 823. [CrossRef]

190



Nutrients 2022, 14, 3617

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Davis, R.; Rogers, M.; Coates, A.M.; Leung, G.K.W.; Bonham, M.P. The Impact of Meal Timing on Risk of Weight Gain and
Development of Obesity: A Review of the Current Evidence and Opportunities for Dietary Intervention. Curr. Diabetes Rep. 2022,
22,147-155. [CrossRef]

Dashti, H.S.; Gomez-Abellan, P.; Qian, J.; Esteban, A.; Morales, E.; Scheer, F; Garaulet, M. Late eating is associated with
cardiometabolic risk traits, obesogenic behaviors, and impaired weight loss. Am. J. Clin. Nutr. 2020, 113, 154-161. [CrossRef]
Martinez-Lozano, N.; Tvarijonaviciute, A.; Rios, R.; Barén, L.; Scheer, FA.J.L.; Garaulet, M. Late Eating Is Associated with Obesity,
Inflammatory Markers and Circadian-Related Disturbances in School-Aged Children. Nutrients 2020, 12, 2881. [CrossRef]
[PubMed]

McHill, A.W,; Phillips, A.].; Czeisler, C.A.; Keating, L.; Yee, K.; Barger, L K.; Garaulet, M.; Scheer, FA.; Klerman, E.B. Later
circadian timing of food intake is associated with increased body fat. Am. J. Clin. Nutr. 2017, 106, 1213-1219. [CrossRef] [PubMed]
Thomas, E.A.; Zaman, A.; Cornier, M.; Catenacci, V.A.; Tussey, E.J.; Grau, L.; Arbet, ].; Broussard, ].L.; Rynders, C.A. Later Meal
and Sleep Timing Predicts Higher Percent Body Fat. Nutrients 2021, 13, 73. [CrossRef] [PubMed]

Saad, A.; Dalla Man, C.; Nandy, D.K.; Levine, J.A.; Bharucha, A.E.; Rizza, R.A.; Basu, R.; Carter, R.E.; Cobelli, C.; Kudva, Y.C.;
et al. Diurnal Pattern to Insulin Secretion and Insulin Action in Healthy Individuals. Diabetes 2012, 61, 2691-2700. [CrossRef]
Leung, G.K.W,; Huggins, C.E.; Bonham, M.P. Effect of meal timing on postprandial glucose responses to a low glycemic index
meal: A crossover trial in healthy volunteers. Clin. Nutr. 2019, 38, 465—471. [CrossRef]

Van Cauter, E.; Shapiro, E.T.; Tillil, H.; Polonsky, K.S. Circadian modulation of glucose and insulin responses to meals: Relationship
to cortisol rhythm. Am. J. Physiol. 1992, 262, E467-E475. [CrossRef] [PubMed]

Gu, C,; Brereton, N.; Schweitzer, A.; Cotter, M.; Duan, D.; Bersheim, E.; Wolfe, R R.; Pham, L.V.; Polotsky, V.Y.; Jun, ].C. Metabolic
Effects of Late Dinner in Healthy Volunteers—A Randomized Crossover Clinical Trial. J. Clin. Endocrinol. Metab. 2020, 105,
2789-2802. [CrossRef]

Kajiyama, S.; Imai, S.; Hashimoto, Y.; Yamane, C.; Miyawaki, T.; Matsumoto, S.; Ozasa, N.; Tanaka, M.; Kajiyama, S.; Fukui, M.
Divided consumption of late-night-dinner improves glucose excursions in young healthy women: A randomized cross-over
clinical trial. Diabetes Res. Clin. Pract. 2018, 136, 78-84. [CrossRef]

Nakamura, K.; Tajiri, E.; Hatamoto, Y.; Ando, T.; Shimoda, S.; Yoshimura, E. Eating Dinner Early Improves 24-h Blood Glucose
Levels and Boosts Lipid Metabolism after Breakfast the Next Day: A Randomized Cross-Over Trial. Nutrients 2021, 13, 2424.
[CrossRef] [PubMed]

Che, T,; Yan, C,; Tian, D.; Zhang, X,; Liu, X.; Wu, Z. Time-restricted feeding improves blood glucose and insulin sensitivity in
overweight patients with type 2 diabetes: A randomised controlled trial. Nutr. Metab. 2021, 18, 1-10. [CrossRef]
Lopez-Minguez, J.; Gomez-Abellan, P.; Garaulet, M. Timing of Breakfast, Lunch, and Dinner. Effects on Obesity and Metabolic
Risk. Nutrients 2019, 11, 2624. [CrossRef]

Service, FJ.; Hall, L.D.; Westland, R.E.; O’Brien, P.C.; Go, V.L.; Haymond, M.W.; Rizza, R.A. Effects of size, time of day and
sequence of meal ingestion on carbohydrate tolerance in normal subjects. Diabetologia 1983, 25, 316-321. [CrossRef] [PubMed]
Zhao, W.; Liu, Z.; Fan, Z.; Wu, Y,; Lou, X,; Liu, A.; Lu, X. Diurnal differences in glycemic responses, insulin responses and
cognition after rice-based meals. Asia Pac. J. Clin. Nutr. 2022, 31, 57-65. [PubMed]

Garaulet, M.; Gomez-Abellan, P.; Alburquerque-Bejar, J.J.; Lee, Y.C.; Ordovas, ].M.; Scheer, F.A. Timing of food intake predicts
weight loss effectiveness. Int. |. Obes. Lond 2013, 37, 604-611. [CrossRef]

Ruiz-Lozano, T.; Vidal, J.; de Hollanda, A.; Scheer, F.A.J.L.; Garaulet, M.; Izquierdo-Pulido, M. Timing of food intake is associated
with weight loss evolution in severe obese patients after bariatric surgery. Clin. Nutr. 2016, 35, 1308-1314. [CrossRef]

Garaulet, M.; Vera, B.; Bonnet-Rubio, G.; Gomez-Abellan, P; Lee, Y.; Ordovas, ]. M. Lunch eating predicts weight-loss effectiveness
in carriers of the common allele at PERILIPIN1: The ONTIME (Obesity, Nutrigenetics, Timing, Mediterranean) study. Am. J. Clin.
Nutr. 2016, 104, 1160-1166. [CrossRef] [PubMed]

Kulshreshtha, B.; Sharma, N.; Pant, S.; Sharma, L.; Pahuja, B.; Singh, P. PCOS patients differ in meal timings rather than total
caloric or macronutrient intake in comparison to weight matched controls. Eur. J. Obstet. Gyn. R. B. 2022, 270, 11-16. [CrossRef]
Bandin, C.; Scheer, FA.; Luque, A.].; Avila-Gandia, V.; Zamora, S.; Madrid, J.A.; Gomez-Abellan, P.; Garaulet, M. Meal timing
affects glucose tolerance, substrate oxidation and circadian-related variables: A randomized, crossover trial. Int. |. Obes. Lond
2015, 39, 828-833. [CrossRef] [PubMed]

Collado, M.C.; Engen, P.A_; Bandin, C.; Cabrera Rubio, R.; Voigt, RM.; Green, S.J.; Naqib, A.; Keshavarzian, A.; Scheer, FAJ.L.;
Garaulet, M. Timing of food intake impacts daily rhythms of human salivary microbiota: A randomized, crossover study. FASEB
J. 2018, 32, 2060-2072. [CrossRef] [PubMed]

Nesti, L.; Mengozzi, A.; Trico, D. Impact of Nutrient Type and Sequence on Glucose Tolerance: Physiological Insights and
Therapeutic Implications. Front. Endocrinol. 2019, 10, 144. [CrossRef]

Wee, M.S.M.; Henry, C.J. Reducing the glycemic impact of carbohydrates on foods and meals: Strategies for the food industry
and consumers with special focus on Asia. Compr. Rev. Food Sci. F. 2020, 19, 670-702. [CrossRef] [PubMed]

Lu, J.; Zhao, W.; Wang, L.; Fan, Z.; Zhu, R.; Wu, Y.; Zhou, Y. Apple Preload Halved the Postprandial Glycaemic Response of Rice
Meal in Healthy Subjects. Nutrients 2019, 11, 2912. [CrossRef] [PubMed]

Zhao, W.; Wang, L.; Fan, Z; Lu, J.; Zhu, R.; Wu, Y,; Lu, X. Co-ingested vinegar-soaked or preloaded dried apple mitigated
acute postprandial glycemia of rice meal in healthy subjects under equicarbohydrate conditions. Nutr. Res. 2020, 83, 108-118.
[CrossRef]

191



Nutrients 2022, 14, 3617

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Lu, X.; Lu, J.; Fan, Z.; Liu, A.; Zhao, W.; Wu, Y.; Zhu, R. Both Isocarbohydrate and Hypercarbohydrate Fruit Preloads Curbed
Postprandial Glycemic Excursion in Healthy Subjects. Nutrients 2021, 13, 2470. [CrossRef]

Bei-Fan, Z.; Cooperative, M.A.G.W. Predictive values of body mass index and waist circumference for risk factors of certain
related diseases in Chinese adults: Study on optimal cut-off points of body mass index and waist circumference in Chinese adults.
Asia Pac. |. Clin. Nutr. 2002, 11, S685-5693. [CrossRef]

Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance testing—Comparison with the
euglycemic insulin clamp. Diabetes Care. 1999, 22, 1462-1470. [CrossRef] [PubMed]

Brynes, A.E.; Edwards, C.M.; Ghatei, M.A.; Dornhorst, A.; Morgan, L.M.; Bloom, S.R.; Frost, G.S. A randomised four-intervention
crossover study investigating the effect of carbohydrates on daytime profiles of insulin, glucose, non-esterified fatty acids and
triacylglycerols in middle-aged men. Brit. J. Nutr. 2003, 89, 207-218. [CrossRef] [PubMed]

Caumo, A.; Bergman, R.N.; Cobelli, C. Insulin sensitivity from meal tolerance tests in normal subjects: A minimal model index. J.
Clin. Endocrinol. Metab. 2000, 85, 4396—4402. [CrossRef] [PubMed]

Aloulou, I; Brun, J.; Mercier, J. Evaluation of insulin sensitivity and glucose effectiveness during a standardized breakfast test:
Comparison with the minimal model analysis of an intravenous glucose tolerance test. Metab. Clin. Exp. 2006, 55, 676—690.
[CrossRef] [PubMed]

Sato, M.; Nakamura, K.; Ogata, H.; Miyashita, A.; Nagasaka, S.; Omi, N.; Yamaguchi, S.; Hibi, M.; Umeda, T.; Nakaji, S.; et al.
Acute effect of late evening meal on diurnal variation of blood glucose and energy metabolism. Obes. Res. Clin. Pract. 2011, 5,
€220-e228. [CrossRef]

Tsuchida, Y,; Hata, S.; Sone, Y. Effects of a late supper on digestion and the absorption of dietary carbohydrates in the following
morning. J. Physiol. Anthropol. 2013, 32, 9. [CrossRef]

Del Prato, S. Loss of early insulin secretion leads to postprandial hyperglycaemia. Diabetologia 2003, 46, M2-M8. [CrossRef]
Tsujino, D.; Nishimura, R.; Taki, K.; Miyashita, Y.; Morimoto, A.; Tajima, N. Daily glucose profiles in Japanese people with normal
glucose tolerance as assessed by continuous glucose monitoring. Diabetes Technol. Ther. 2009, 11, 457-460. [CrossRef]

Nas, A.; Mirza, N.; Hagele, E; Kahlhofer, J.; Keller, J.; Rising, R.; Kufer, T.A.; Bosy-Westphal, A. Impact of breakfast skipping
compared with dinner skipping on regulation of energy balance and metabolic risk. Am. . Clin. Nutr. 2017, n151332. [CrossRef]
Kobayashi, F; Ogata, H.; Omi, N.; Nagasaka, S.; Yamaguchi, S.; Hibi, M.; Tokuyama, K. Effect of breakfast skipping on diurnal
variation of energy metabolism and blood glucose. Obes. Res. Clin. Pract. 2014, 8, €249—-257. [CrossRef]

Ando, T;; Nakae, S.; Usui, C.; Yoshimura, E.; Nishi, N.; Takimoto, H.; Tanaka, S. Effect of diurnal variations in the carbohydrate and
fat composition of meals on postprandial glycemic response in healthy adults: A novel insight for the second-meal phenomenon.
Am. ]. Clin. Nutr. 2018, 108, 332-342. [CrossRef] [PubMed]

Jensen, M.D.; Haymond, M.W.; Gerich, ].E.; Cryer, PE.; Miles, ].M. Lipolysis during fasting. Decreased suppression by insulin
and increased stimulation by epinephrine. J. Clin. Invest. 1987, 79, 207-213. [CrossRef] [PubMed]

Imai, S.; Kajiyama, S.; Hashimoto, Y.; Yamane, C.; Miyawaki, T.; Ozasa, N.; Tanaka, M.; Fukui, M. Divided consumption of
late-night-dinner improves glycemic excursions in patients with type 2 diabetes: A randomized cross-over clinical trial. Diabetes
Res. Clin. Pract. 2017, 129, 206-212. [CrossRef] [PubMed]

Jiao, P; Ma, J.; Feng, B.; Zhang, H.; Alan-Diehl, J.; Eugene-Chin, Y.; Yan, W.; Xu, H. FFA-Induced Adipocyte Inflammation and
Insulin Resistance: Involvement of ER Stress and IKK( Pathways. Obesity 2011, 19, 483-491. [CrossRef]

Boden, G. Role of fatty acids in the pathogenesis of insulin resistance and NIDDM. Diabetes 1997, 46, 3-10. [CrossRef]

Morgan, L.; Arendt, J.; Owens, D.; Folkard, S.; Hampton, S.; Deacon, S.; English, J.; Ribeiro, D.; Taylor, K. Effects of the endogenous
clock and sleep time on melatonin, insulin, glucose and lipid metabolism. J. Endocrinol. 1998, 157, 443-451. [CrossRef]

Shea, S.A; Hilton, M.E;; Orlova, C.; Ayers, R.T.; Mantzoros, C.S. Independent Circadian and Sleep /Wake Regulation of Adipokines
and Glucose in Humans. J. Clin. Endocrinol. Metab. 2005, 90, 2537-2544. [CrossRef] [PubMed]

Scheer, F.A.; Hilton, M.F,; Mantzoros, C.S.; Shea, S.A. Adverse metabolic and cardiovascular consequences of circadian misalign-
ment. Proc. Natl. Acad. Sci. USA 2009, 106, 4453-4458. [CrossRef]

Xie, Z.; Sun, Y.; Ye, Y.; Hu, D.; Zhang, H.; He, Z.; Zhao, H.; Yang, H.; Mao, Y. Randomized controlled trial for time-restricted
eating in healthy volunteers without obesity. Nat. Commun. 2022, 13, 1003. [CrossRef]

Adafer, R.; Messaadi, W.; Meddahi, M.; Patey, A.; Haderbache, A.; Bayen, S.; Messaadi, N. Food Timing, Circadian Rhythm and
Chrononutrition: A Systematic Review of Time-Restricted Eating’s Effects on Human Health. Nutrients 2020, 12, 3770. [CrossRef]
[PubMed]

Pellegrini, M.; Cioffi, I.; Evangelista, A.; Ponzo, V.; Goitre, I.; Ciccone, G.; Ghigo, E.; Bo, S. Effects of time-restricted feeding on
body weight and metabolism. A systematic review and meta-analysis. Rev. Endocr. Metab. Disord. 2020, 21, 17-33. [CrossRef]
Almiron-Roig, E.; Palla, L.; Guest, K.; Ricchiuti, C.; Vint, N.; Jebb, S.A.; Drewnowski, A. Factors that determine energy
compensation: A systematic review of preload studies. Nutr. Rev. 2013, 71, 458-473. [CrossRef]

Heacock, PM.; Hertzler, S.R.; Wolf, B.W. Fructose prefeeding reduces the glycemic response to a high-glycemic index, starchy
food in humans. J. Nutr. 2002, 132, 2601-2604. [CrossRef]

Pullicin, A.J.; Glendinning, ].I.; Lim, J. Cephalic phase insulin release: A review of its mechanistic basis and variability in humans.
Physiol. Behav. 2021, 239, 113514. [CrossRef]

Dhillon, J.; Lee, J.Y.; Mattes, R.D. The cephalic phase insulin response to nutritive and low-calorie sweeteners in solid and
beverage form. Physiol. Behav. 2017, 181, 100-109. [CrossRef] [PubMed]

192



Nutrients 2022, 14, 3617

56.

57.

58.

59.

60.

61.

Petersen, K.E; Laurent, D.; Yu, C.; Cline, G.W.; Shulman, G.I. Stimulating effects of low-dose fructose on insulin-stimulated
hepatic glycogen synthesis in humans. Diabetes 2001, 50, 1263-1268. [CrossRef] [PubMed]

Geidl-Flueck, B.; Gerber, P. Insights into the Hexose Liver Metabolism—Glucose versus Fructose. Nutrients 2017, 9, 1026.
[CrossRef] [PubMed]

Zhu, R; Fan, Z.; Dong, Y.; Liu, M.; Wang, L.; Pan, H. Postprandial Glycaemic Responses of Dried Fruit-Containing Meals in
Healthy Adults: Results from a Randomised Trial. Nutrients 2018, 10, 694. [CrossRef]

Angarita Davila, L.; Bermudez, V.; Aparicio, D.; Céspedes, V.; Escobar, M.; Duran-Agiiero, S.; Cisternas, S.; de Assis Costa, J.; Rojas-
Goémez, D.; Reyna, N.; et al. Effect of Oral Nutritional Supplements with Sucromalt and Isomaltulose versus Standard Formula
on Glycaemic Index, Entero-Insular Axis Peptides and Subjective Appetite in Patients with Type 2 Diabetes: A Randomised
Cross-Over Study. Nutrients 2019, 11, 1477. [CrossRef]

Atkinson, F.S.; Foster-Powell, K.; Brand-Miller, J.C. International Tables of Glycemic Index and Glycemic Load Values: 2008.
Diabetes Care. 2008, 31, 2281-2283. [CrossRef]

De Oliveira Raphaelli, C.; Dos Santos Pereira, E.; Camargo, T.M.; Vinholes, J.; Rombaldi, C.V.; Vizzotto, M.; Nora, L. Apple
Phenolic Extracts Strongly Inhibit «-Glucosidase Activity. Plant Food. Hum. Nutr. 2019, 74, 430-435. [CrossRef] [PubMed]

193



\d nutrients MbPy

Review
Obesity, Gut Microbiota, and Metabolome: From
Pathophysiology to Nutritional Interventions

Zivana Puljiz ', Marko Kumric > *, Josip Vrdoljak 2, Dinko Martinovic 2, Tina Ticinovic Kurir 23,

Marin Ozren Krmc , Hrvoje Utlic 2, Zeljko Puljiz % 5, Jurica Zucko !, Petra Dumanic ¢, Ivana M1kolasev1c
and Josko Bozic %

7

Laboratory for Bioinformatics, Faculty of Food Technology and Biotechnology, University of Zagreb,
10000 Zagreb, Croatia; jzucko@pbf.hr (J.Z.)

Department of Pathophysiology, University of Split School of Medicine, 21000 Split, Croatia;
marko.kumric@mefst.hr (M.K.); dinko.martinovic@mefst.hr (D.M.); tticinov@mefst.hr (T.T.K.)
Department of Endocrinology, Diabetes and Metabolic Diseases, University Hospital of Split,

21000 Split, Croatia

Department of Internal Medicine, University of Split School of Medicine, 21000 Split, Croatia
Department of Gastroenterology and Hepatology, University Hospital of Split, 21000 Split, Croatia
Medical Laboratory Diagnostic Division, University Hospital of Split, 21000 Split, Croatia
Department of Gastroenterology and Hepatology, University Hospital Centre Rijeka, School of Medicine,
University of Rijeka, 51000 Rijeka, Croatia

*  Correspondence: josko.bozic@mefst.hr

t  These authors contributed equally to this work.

NN U e

Abstract: Obesity is a disorder identified by an inappropriate increase in weight in relation to height
and is considered by many international health institutions to be a major pandemic of the 21st century.
The gut microbial ecosystem impacts obesity in multiple ways that yield downstream metabolic
consequences, such as affecting systemic inflammation, immune response, and energy harvest, but
also the gut-host interface. Metabolomics, a systematized study of low-molecular-weight molecules
that take part in metabolic pathways, represents a serviceable method for elucidation of the crosstalk
between hosts” metabolism and gut microbiota. In the present review, we confer about clinical and
preclinical studies exploring the association of obesity and related metabolic disorders with various
gut microbiome profiles, and the effects of several dietary interventions on gut microbiome composi-
tion and the metabolome. It is well established that various nutritional interventions may serve as an
efficient therapeutic approach to support weight loss in obese individuals, yet no agreement exists in
regard to the most effective dietary protocol, both in the short and long term. However, metabolite
profiling and the gut microbiota composition might represent an opportunity to methodically estab-
lish predictors for obesity control that are relatively simple to measure in comparison to traditional
approaches, and it may also present a tool to determine the optimal nutritional intervention to
ameliorate obesity in an individual. Nevertheless, a lack of adequately powered randomized trials
impedes the application of observations to clinical practice.

Keywords: obesity; gut microbiota; metabolome; Mediterranean diet; Roux-en-Y gastric bypass;
ketogenic diet

1. Introduction

Obesity is a disorder identified by an inappropriate increase in weight in relation to
height, mainly owing to fat tissue accumulation, and is widely considered a pandemic of
the 21st century. The available data indicate that the etiological triad of genome, diet, and
gut microbiota plays a crucial role in the pathophysiology of obesity. The gut microbial
ecosystem impacts obesity in multiple ways that yield downstream metabolic consequences,
such as affecting systemic inflammation, immune response, and energy harvest, but also
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gut-host interface (gastrointestinal mucus layer, epithelial permeability, and inflammation
of the digestive system) [1]. The gut microbiota constitution can govern the efficacy of
energy harvest from foodstuffs, and changes in dietary style have been related to changes
in the composition of gut microbial populations. Our ability to examine the microbiota
constitution was significantly improved with the advent of a metagenomic approach, which
has already granted the production of the human gut microbiome gene catalogue and
enabled stratification of individuals according to their respective gut genomic profile into
different enterotypes [2—4]. Furthermore, metabolomics, a systematized study of low-
molecular-weight molecules that take part in metabolic pathways, represents a serviceable
method for elucidation of the crosstalk between hosts” metabolism and gut microbiota.

Metabolomics is a promising tool to upgrade current clinical assessments based on
single metabolites by identifying metabolic signatures (biomarkers) that represent global
biochemical changes in disease and predict responses to side effects of drug treatment
(pharmacometabolomics) [5]. The gut microbiota composition can be affected by various
external factors, with dietary habits being recognized as the most important one. In many
pathological states, such as celiac disease, irritable bowel syndrome (IBS), and also some
neurological disorders (epilepsy), specific dietary regimens such as a Mediterranean diet,
ketogenic diet, and gluten-free diet are recognized as therapeutic. It seems that all of
the above noted dietary patterns can affect the gut microbiota composition, especially
when implemented over longer time periods [6]. Accordingly, it is worth mentioning that
nutritional intervention may serve as an efficient therapeutic approach to support weight
loss in obese individuals, yet no agreement exists in regard to the most effective dietary
protocol, both in the short and long term [6].

In the present review, we provide an overview of the current evidence concerning the
association between gut microbiota and obesity. As identification of the gut microbiota—
metabolites is warranted in order to clarify the interactions between the host and the
intestinal flora, we investigated changes in the metabolome, which is a necessary step to
appropriately model metabolic interactions inside the intestinal ecosystem. Hence, in this
review, we primarily discussed clinical and preclinical studies that explored the association
of obesity and related metabolic disorders with various gut microbiome profiles, and the
effects of weight loss interventions with different dietary approaches on gut microbiome
and the metabolome.

2. Gut Microbiota and Obesity

Gut microbiota represents one of the most complex ecosystems in nature, harboring
large bacterial populations in the intestine and colon, most of which are anaerobic bacteria
(95% of total organisms) [7]. Gut microbiota in humans is mainly composed of five dis-
tinct phyla: Actinobacteria, Bacteroidetes, Verrucomicrobia, Firmicutes, and Proteobacteria, with
Bacteroidetes and Firmicutes representing as much as 90% of all gut bacteria [8-11]. Never-
theless, a large between-subjects diversity in gut microbiome is present [9]. Three bacterial
clusters have been described so far: Bacteroides (enterotype 1), Prevotella (enterotype 2), and
Ruminococcus (enterotype 3) [8]. The Prevotella enterotype is related to a high-carbohydrate
diet, whereas the Bacteroides enterotype has been mainly correlated with a diet rich in ani-
mal fat and protein [9]. This simplified classification, although not generally accepted [12],
may contribute to a more comprehensive understanding of the complex relations operating
between gut microbiota and obesity.

Dysbiosis, a disturbance in microbiota composition, has been linked to three distinct
mechanisms that can all take place at the same time: (1) the loss of “beneficial” bacteria,
(2) an excessive growth of potentially hazardous bacteria, and (3) a reduction in the micro-
bial diversity [13,14]. A growing amount of evidence suggests that changed microbiota
can have an impact on host physiology through a number of different channels, includ-
ing improved energy harvest, changes in the immune system, metabolic signaling, and
inflammatory pathways [15-17]. For instance, evidence suggests that microbiota may be
a significant contributor that favors weight gain, fat storage, and insulin resistance [18].
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The gut bacteria are involved in energy homeostasis via formation of short chain fatty acid
(SCFAs) and extraction of energy through fermentation processes [19]. The gut microbiota
may also enable increased intestinal absorption by increasing villous vascularization and
increased triglyceride storage via modulation of fasting-induced adipose factor, a lipopro-
tein lipase (LPL) activity inhibitor [20]. Interestingly, a study of a mice model demonstrated
that the obese phenotype may be transmissible by transplanting the gut microbiota [21].
Subsequently, a focus was placed on the identification of bacterial strains that are implicated
in the pathophysiology of obesity.

In general, obese individuals are characterized by decreased bacterial diversity [22-24],
as well as gene richness [25,26]. In fact, recent studies in European populations have demon-
strated that people with less complex microbiomes have greater obesity in general, higher
levels of inflammatory markers, more pronounced insulin resistance, and dyslipidemia [27].
Likewise, obese and overweight individuals with low diversity microbiota demonstrate an
increase in microbial richness upon the introduction of an energy-restricted diet [28]. Unlike
the original reports suggested that obesity is associated with a higher ratio of Firmicutes-to-
Bacteroidetes [29], more recent studies failed to demonstrate such an association, suggesting
that the ratio is not a significant factor in human obesity [30-35]. In fact, the mere fact
that most studies showed decreased bacterial diversity in obesity is also suggestive that
separate changes in gut microbiome composition at family, genus, or species level are more
relevant for pathophysiology of obesity than the aforementioned ratio. Nonetheless, many
researchers have studied ways in which diet can modulate the Firmicutes-to-Bacteroidetes
ratio. In accordance with the previously noted findings, early studies demonstrated that the
Firmicutes-to-Bacteroidetes ratio is increased in obese individuals but decreases upon weight
loss after bariatric surgery and/or calorie-restriction diets, whereas other studies mostly
failed to demonstrate the same [36,37]. It is however important to note that all these studies
were largely underpowered to demonstrate any difference and, thus, perhaps the strongest
evidence implying a lack of link between the Firmicutes-to-Bacteroidetes ratio and obesity
came from a meta-analysis that showed no difference in the abundance of Firmicutes and
Bacteroidetes, nor the Firmicutes-to-Bacteroidetes ratio [38]. Overall, although the mere ratio
of these two phyla is obviously not a representative indicator of obesity, the studies that
covered this topic revealed some important findings with regard to the microbiota—obesity
interconnection. Specifically, it challenged the concept of a unique taxonomic signature
related to obesity, thus steering future research into identifying taxonomic markers for
stratification of patients into subgroups.

Apart from Bacteroidetes and Firmicutes, other studies have associated obesity with
distinct bacteria including family Christensenellaceae and the genera Akkermansia, Bifidobacte-
ria, Methanobacteriales, and Lactobacillus [39]. Specifically, the Christensenellaceae family was
recently associated with weight loss and several gene expression pathways in subcutaneous
adipose tissue, such as protein—amino acid N-glycation, whereas its relative quantity was
inversely related to the host BMI [39,40]. Moreover, supplementation with A. muciniphila
was shown to improve metabolic parameters in obese patients [41]. Furthermore, unlike
the abundance of Lactobacillus reuteri and L. gasseri that positively correlated with obesity,
L. paracasei negatively correlated with obesity, indicating that obesity-related bacteria are
species specific, and that bacteria in the same genus may yield opposing effects [42]. The
role of bacteria in obesity seems to be strain specific, i.e., both beneficial and harmful
bacteria can exist within the same taxon. Hence, it is rather challenging to categorize
obesity-related bacterial communities according to their taxonomic relationships.

The relationship between obesity and gut microbiota is a two-way street. Namely, gut
microbiota may promote obesity through the direct interaction between the microbiota
and cells in the GI tract or indirect interaction between produced metabolites and remote
organs. The underlying mechanisms may include the effects of gut microbiota on fat
storage, appetite, absorption of energy, circadian rhythm, and chronic inflammation, all of
which can promote obesity [43]. Finally, results from interventions that affect gut microbiota
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(fecal microbiota transplant, use of pre-, pro-, and synbiotics) have pointed out that such
changes might herald favorable outcomes in obese individuals [44].

A very important, yet commonly neglected, aspect concerning the research of gut
microbiome are technical challenges in defining the gut microbiome composition. This
issue is well illustrated in a meta-analysis by Walters et al. [45]. Namely, the results of their
meta-analysis, in which only studies involving high-throughput sequencing of the 16S
rRNA gene were analyzed, showed that the gut microbiota composition is not clustered
by subject’s body mass index (BMI) but rather by study, suggesting that the per-study
effect exceeds the biological effect. Moreover, additional bias can arise as a consequence of
various differences in data analysis and sample processing, such as the method of DNA
extraction, the method of sequencing, the choice of primers, and the bioinformatic analysis
(taxonomy database and assignment algorithm used) [46—48].

3. Metabolites and Obesity: The Role of Gut Microbiota

Although obesity is an established metabolic disorder, the pathophysiological mech-
anisms linking weight gain with metabolic profiles are still elusive. Gut microbiome
dysbiosis seen in obese individuals may have an impact on the metabolism and excretion of
microbiota byproducts, and may therefore affect hosts” physiology. Recent data imply that
the intestinal microbiota of obese individuals is characterized by alterations in any circulat-
ing metabolites and is associated with fasting levels of a number of metabolites, such as
lipids and lipid-like metabolites, amino acids and their byproducts, bile acids derivatives,
and metabolites derived from the degradation of polyphenols, choline, carnitine, and
purines [49,50]. Metabolite profiling might represent an opportunity to methodically estab-
lish predictors for obesity control that are relatively simple to measure in comparison to
traditional approaches. In addition, these predictors may also constitute a tool to evaluate
responses/ effects to different intervention approaches.

A meta-analysis by Moore et al. recognized 37 metabolites that are associated with
BMLI, identifying 18 of them, including butyrylcarnitine, a marker of whole-body fatty acid
oxidation, and histidine for the first time [51]. The meta-analysis was performed on studies
that included both American and Chinese populations and it included 947 patients. Perhaps
the biggest drawback of this meta-analysis was the fact that it included cross-sectional
studies exclusively. On the other hand, Zhao et al. performed a 5-year follow-up cohort
study that included 300 Mexican American healthy women [52]. At baseline, the authors
observed 7 metabolites that are associated with BMI in both cohorts. The metabolites were
as follows: asparagine, glycine, glutamic acid, kynurenic acid, methyl succinate, urate,
and serine. At the end of the follow-up period, the investigators identified 6 metabolites
(acetylcholine, acetyl glycine, hippuric acid, leucine, urate, and xanthine) whose baseline
levels heralded significant weight gain during a 5-year follow-up in both cohorts. It is worth
mentioning that 4 of these were the same as metabolites from the aforementioned meta-
analysis. The only metabolite for which an association with BMI had not been established
previous to Zhao et al.’s study was methylsuccinate, a metabolite involved in isoleucine
catabolism [53].

Accordingly, Geidenstam et al. showed that metabolite risk score may represent
a useful tool on both the individual and population levels, and markedly so if additional
metabolites are recognized to improve predictive power [54]. It is important to address
that none of the anthropometric, lifestyle, and glycemic risk factors that are standardly
measured may fully explain the association between changes in BMI (ABMI) and metabolite
risk score. The proportion of ABMI variance explained by the metabolite risk score was
similar to that for the best predictive risk factors (glycemic measures). The above-noted
metabolite risk score is comprised of eight metabolites, including malate, niacinamide,
xanthine, tyrosine, uridine, and three lipids (TAG 56:6, SM24:0, and TAG 56:2), and could
point to independent processes related to weight gain. Regarding the lipids, Geidenstam
et al. showed that TAG 56:6 positively correlates with ABMI, whereas TAG 56:2 and SM
24:0 show the opposite trend. Such a pattern is in corroboration with previous findings
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showing that lipids with varying saturation levels have the opposite connection with
obesity-related phenotypes [54]. Furthermore, the authors observed that SM 24:0 and TAG
56:2 are associated with decreased weight gain in both of the analyzed cohorts (Mexico City
Diabetes Study and Framingham Heart Study), and increased diabetes risk in the former
cohort (i.e., they have negative effect sizes in the metabolite risk score that is protective
against diabetes), while TAG 56:6 had the opposite direction of effect. Overall, these
results suggest that metabolite risk score can be employed as an independent predictor for
studying weight gain.

Studies that have examined branched chain amino acid (BCAA) supplementation
in both animal and human models suggest that circulating AAs can contribute to in-
sulin resistance, conceivably by affecting insulin signaling in skeletal muscles [55,56]. On
a cellular level, the underlying pathophysiological mechanisms seem to include activation
of the mTOR, JUN, and IRS1 signaling pathways [57,58]. On the other hand, several authors
have shown an improvement of glucose homeostasis in animals fed with a leucine-rich
diet [59]. In line with this, it is noteworthy to mention that multiple amino acids, particu-
larly BCAAs, are modulators of insulin secretion [60]. In particular, from a panel of more
than 60 metabolites, aromatic amino acids and BCAAs appear to be the best predictors for
the future development of diabetes mellitus. A single measurement of these amino acids
in fasting state has demonstrated incremental benefit over standard risk factors (such as
fasting glucose, dietary patterns, and BMI) [61]. Obese adults, with or without diabetes mel-
litus, were shown to have hyperaminoacidemia. Specifically, increases in the concentrations
of the BCAAs, alongside phenylalanine and tyrosine, have been described [62]. Dissimilar
to other essential amino acids, BCAAs are degraded in skeletal muscle, and it has been
shown that BCAA circulating levels are elevated post-prandially [63]. Such elevations
in BCAAs may influence glucose homeostasis since oxidation of BCAAs spares glucose
utilization in skeletal muscle [64]. McCormack et al. demonstrated that an increase in
circulating BCA As is significantly associated with obesity in both children and adolescent
populations and is capable of predicting the development of insulin resistance [65]. In
fact, increased concentrations of BCAAs are also present in young obese individuals, and
their metabolomic profiles are in accordance with increased catabolism of BCAAs, whereas
elevations in BCAAs are positively associated with insulin resistance measured after
18 months, independent of the initial BMI [65]. The background of obesity-related increases
in the concentrations of BCAAs remains elusive. It is plausible that obese people have
more BCAAs in their diet, which could in the context of a high-fat diet characteristic of
diet-induced obesity also portend to insulin resistance development [66]. Conversely, in-
sulin resistance may in turn lead to the failure of insulin’s physiologic capacity to suppress
BCAA levels [67]. Shaham et al. have shown that some obese individuals display differ-
ential sensitivity to insulin-induced suppression of proteolysis compared to lipolysis by
using metabolite profiling technology [68]. Interestingly, they showed that elevated BCAA
concentration in serum may appear long before other indices of insulin resistance become
abnormal [69]. In a cross-sectional study that included 182 non-diabetic individuals, Seibert
et al. performed a measurement of 24 plasma amino acids and an insulin suppression test.
The study showed that in 14/24 amino acids, concentrations were significantly higher in
men than women, whereas glycine was found to be lower in men. The majority of these
amino acids positively correlated with steady-state plasma glucose (SSPG), while glycine
concentration demonstrated a negative correlation. Leucine, isoleucine, glutamic acid, and
tyrosine concentrations showed the strongest correlation with SSPG. In comparison to
women, men were more prone to demonstrate a rather unfavorable amino acid profile,
with a higher concentration of amino acids associated with higher insulin resistance and
less glycine [70].

In recent years, a possible connection between serum AAs, gut microbiome, and obe-
sity was explored. In a pivotal study, Calvani et al. demonstrated a plausible link between
gut microflora metabolism and obesity phenotype using a nuclear magnetic resonance
(NMR)-based metabolomic approach [71]. The study included 15 morbidly obese male
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patients (having BMI > 40 kg/m?) and 10 heathy controls. The analysis of NMR spectra
of urine samples showed a clear distinction between morbidly obese subjects and lean
counterparts in this regard. The main metabolites that were involved in discrimination
between the two were xanthine, hippuric acid, trigonelline, and 2-hydroxyisobutyrate.
All the aforementioned metabolites were higher in lean subjects, with the exception of
2-hydroxyisobutyrate, which was more abundant in morbidly obese subjects. A very
important concept that had also arisen from the findings of this study is the change in
urinary metabolic phenotype following bariatric surgery. Namely, hippuric acid and
trigonelline levels significantly increased following surgery, whereas 2-hydroxyisobutyrate
and xanthine concentrations approximated to the lean subject values. Multiple studies
concerning this problem were conducted henceforth, yet most of them were also conducted
on relatively small samples, thus failing to reach final conclusions. Nevertheless, some
larger studies are worth mentioning in this regard. Liu et al. demonstrated that Bacteroides
thetaiotaomicron, a glutamate-fermenting commensal, is less abundant in obese individ-
uals in comparison to lean counterparts, and that the amount inversely correlates with
serum glutamate concentration [72]. Moreover, it was shown that bariatric surgery led to
reversal of these alterations, with regards to both B. thetaiotaomicron and glutamate serum
levels. On the other hand, gavage with B. thetaiotaomicron led to a reduction in serum
glutamate concentration, and attenuated diet-induced body-weight gain in a mice model.
Multiple important conclusions were reached in an extensive analysis by Org et al., in
which the association between gut microbiota and the metabolome was explored using
16S ribosomal RNA gene sequencing and NMR spectroscopy in 531 Finnish adult male
subjects [73]. Firstly, a number of connections were established between the gut microbiota
composition and serum levels of amino acids, lipids, glucose, and fatty acids. It is impor-
tant to note that the association existed both with regards to the diversity and richness of
microbiota. For instance, acetate levels correlated with microbial diversity, and both acetate
and glutamine positively correlated with microbial richness. In addition, associations
between multiple bacterial genera and serum concentrations of the above-noted molecules
were also established. Furthermore, significant associations between trimethylamine N-
oxide (TMAO), a gut microbiota-dependent metabolite, and both coronary artery disease
and stroke were found. Finally, the altered composition of microbiota and a significant
microbiota-metabolite relationship dependent on glucose tolerance and BMI were detected.

4. Effect of Nutritional Interventions on Gut Microbiota and Metabolites

An important note to consider when discussing the effect of nutritional interventions
on gut microbiota is that gut microbiome can respond very rapidly to dietary changes, in
a way that even short-term (days) animal or plant-based diets may alter microbial commu-
nity structure and overwhelm inter-individual differences in microbial gene expression. In
a seminal study, David et al. demonstrated that changes in gut microbiome are much more
prominent with animal-based than plant-based diets. In fact, it is even hypothesized that
there is an evolutionary basis that might explain such a rapid switch between carnivorous
and herbivorous functional profiles of gut microbiome [74]. The authors suggested that the
intake of meat in ancestral humans was relatively volatile, and largely depended on season
and hunting success, whereas more abundant plant food offered a sort of a fallback source
for nutrients [75]. Therefore, it seems that evolution enabled gut microbiota to rapidly ad-
just to the imposed changes in diet and subsequently enhance dietary flexibility in humans.
On the other hand, dietary interventions seem to elicit transient changes in microbiota
composition and it remains elusive as to what duration is warranted to induce a permanent
change to the core microbial profile [76]. Finally, it is worth noting that according to recent
reports, the composition of one’s gut microbiome is more closely related to specific dietary
preferences rather than the nutritional interventions, and, thus, these factors might make it
more difficult to see the overall microbiome responses to different diets [77]. An overview
of the effects of dietary interventions on gut microbiota and the metabolome is summarized
in Figures 1 and 2.
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Figure 1. Changes in gut microbiota following dietary interventions (Roux-en-Y gastric bypass,
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4.1. Ketogenic Diet

A ketogenic diet (KD) represents a dietary intervention based on a very low-carbohydrate,
high-fat diet which was disputed for a long time. Multiple studies aimed to elucidate the
effect of a KD on the composition of gut microbiome in the setting of various pathological
states, especially various neurological disorders in which a KD is often recommended by
physicians [78].

Preclinical studies consistently demonstrate that this dietary pattern reduces the
microbial diversity of the gut, most likely as a result of decreased polysaccharide levels
leading to a reduction in bacteria that utilize energy from the gut [79-81]. For instance,
Olson et al. demonstrated such a reduction in mouse models of epilepsy, but also found
that the relative abundance of Akkermansia muciniphila and Parabacteroides increased [81].
Moreover, the authors even recognized these bacteria as mediators of seizure protection,
as it was demonstrated in their study that a KD reduces seizure incidence, an effect
abrogated by antibiotic treatment. Notably, Olson et al. also found a link between reduced
seizure susceptibility and glutamate in hippocampus, thus further elucidating the role
of the gut-brain axis in this regard. Newell et al. reported somewhat different results in
a mice model of autism spectrum disorder; although the results were consistent in terms
of gut bacteria total abundance, the authors also reported a reduction in the abundance
of A. muciniphila [80]. Ma et al. also reported interesting preclinical results in which they
showed that shaping of gut microbiota by a KD may mitigate the risk of neurodegeneration
and offer benefits to neurovascular health [79]. Specifically, aside from decreased diversity,
an increased abundance was observed for multiple beneficial bacteria, including the above-
noted A. muciniphila but also Lactobacillus and SCFA-producing bacteria, whereas bacterial
taxa that mediate a pro-inflammatory response (Desulfovibrio and Turicibacter) were down-
regulated. Finally, a recent study used metabolomics to elucidate the molecular effects of
a KD in models of healthy and tumor xenograft mice models [82]. Metabolomic profiling
on plasma samples revealed distinct metabolic fingerprints in the group of mice bearing
breast cancer and, importantly, such fingerprints have dissipated following a KD, which
resulted in recovery to the metabolic status of healthy mice. Thus, the authors concluded
that a KD has a significant molecular effect on tumor growth inhibition beyond a mere
constraint of energy supply to tumor cells.

On the other hand, a KD was extensively studied in the setting of neurological disor-
ders. A study in children with refractory epilepsy showed that 6 months of a KD led to
a reduction in gut microbiota diversity, but, more importantly, that changes in gut mi-
crobiota could predict the efficacy of a KD in terms of a reduction in seizure occurrence.
Additionally, a KD caused an increase in Bacteroidetes abundance and decrease in Firmicutes
abundance, which can be interpreted in light of their ratio that we previously discussed [83].
Furthermore, it was demonstrated in multiple sclerosis patients that a KD caused a reduc-
tion in terms of both abundance and diversity of gut bacteria at first, yet that a prolonged
KD not only restores bacterial diversity, but also leads to more abundant gut microbiota in
comparison to the baseline [84]. Notably, it was shown at baseline that the biofermentative
function of the colon is markedly impaired in patients with multiple sclerosis. Overall,
although the data imply that a KD offers beneficial effects on neurological disorders, at least
in part via mechanisms related to gut microbiota, it has to be addressed that adequately
powered randomized controlled trials (RCTs) are needed to confirm these notions, given
that most data in this regard are based on small-scale studies.

Several studies aimed to elucidate the KD effects on gut microbiota and metabolic
pathways in the setting of obesity. Gutiérrez-Repiso et al. compared the effect of three
dietary interventions on the gut microbiota profile: KD, Mediterranean diet, and bariatric
surgery [85]. In general, perhaps the most important conclusion of the study was the
fact that changes in the gut microbiota profile associated with weight loss interventions
are not uniform, albeit there was an overlap with regards to certain changes. Specifi-
cally, Porphyromonadaceae and Rikenellaceae families increased following both a KD and
bariatric surgery. For both the aforementioned bacteria, a negative correlation with BMI
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was previously demonstrated, and studies on animal models associated these bacteria
with weight loss using probiotics [86,87]. On the genus level, a KD led to an increase
in Parabacteroides, and Alistipes, both of which were negatively associated with BMI in
both adult and young populations [88-90]. In addition, Alistipes was previously shown to
predict weight loss following dietary interventions [18]. On the other hand, the amount of
Lactobacillus was decreased, which is in contrast to the above-noted preclinical studies. At
species level, the most relevant finding was an increase in Parabacteroides distasonis, bacteria
that negatively correlated with obesity and metabolic syndrome in previous studies, and
for which a beneficial effect in reducing weight gain, hyperglycemia, and hepatic steato-
sis was demonstrated [91,92]. More precisely, it is presumed that P. distasonis improved
metabolic dysfunction via production of succinate and secondary bile acids [92]. Finally,
the authors applied PICRUSt to predict metagenome functional content, but found no
statistically significant change in functional gut microbiota pathways that was common
to the three interventions. Nevertheless, in a KD, most of the changes were on the path-
ways related to biosynthesis and/or degradation/utilization/assimilation, thus indicating
a change in their metabolism. The butanediol biosynthesis pathway, a pathway previously
implicated in body weight reduction, thermogenesis, and appetite suppression, was shown
to be enriched in both KD and Mediterranean diets [93-96]. A randomized controlled
pilot study explored the effects of a combined KD and synbiotics on gut microbiota [97].
The study showed that the addition of synbiotics does not provide an additional effect on
the improvement of microbial diversity observed after 4 months of KD. Specifically, the
genus Oscillospira, which was shown to have protective associations with visceral fat mass
and increased energy expenditure, and Butyricimonas, a butyrate-producing bacterium,
increased following the intervention [98-100]. Furthermore, Butyricimonas was positively
associated with a greater weight loss and BMI reduction. Despite the addition of synbiotic
supplementation not affecting microbial diversity, it seems that its addition may ameliorate
inflammation in a process mediated by the gut microbiota alteration.

4.2. Mediterranean Diet

The Mediterranean diet (MD) is a dietary pattern that has its roots in the olive-growing
regions of the Mediterranean Basin [101]. A high consumption of olive oil, vegetables,
fruits, unprocessed cereals, nuts, legumes, fish, and other seafood, moderate consumption
of old cheese and red wine, and limited consumption of dairy products and meat are its
principal characteristics. Apart from demonstrating benefit in many chronic diseases, a
MD’s effects on individuals with obesity is well established, particularly in regard to the
gut microbiota composition and the metabolome [102-104]. Moreover, since a substantial
number of RCTs concerning the interrelation between a MD and gut microbiota were
performed (unlike with other dietary interventions), inferences about this dietary regime
are perhaps the most reliable ones.

Meslier et al. conducted an RCT which aimed to elucidate how isocaloric MD interven-
tion affected metabolic health, gut microbiome, and the systemic metabolome over the course of
8 weeks [105]. Following the intervention, Streptococcus thermophilus, Ruthenibacterium lactatiformans,
Flavonifractor plautii, Ruminococcus torques, Ruminococcus gnavus, and Parabacteroides merdae were
significantly reduced, whereas five members of the Faecalibacterium prausnitzii clade, along-
side several members of the Roseburia and Lachnospiraceae taxa, were more abundant in
the treatment group compared with the control group. The effect of diet was confirmed
using integration of the three meta-omics datasets, based on which the authors established
a separation of the MD and control group with respect to microbiome diversity, functional
modules, and metabolomic profiles. Interestingly, urinary levels of urolithin glucuronides
increased following the introduction of the MD, and such changes were concordant with
levels of the urolithin producers in the microbiome. Moreover, a negative correlation was
established between urolithin production and CRP, triglycerides, fat mass, body weight,
and BMI, thus providing a direct link between gut microbiota and functional metabolic
alterations resulting from this dietary intervention. Fecal bile acids were reduced in the
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stools of participants in the MD group, and this may be of relevance as fecal bile acids
demonstrated a positive correlation with systolic blood pressure, body weight, and BMI.
Finally, the authors concluded that a MD might be helpful in improving insulin sensitivity
in individuals with higher levels of multiple Bacteroides species, and lower levels of P. copri
and Prevotella sp.

In a separate RCT, the effects of a MD on gut microbiota in obese population over
the course of the year were explored [106]. The analysis showed that Butyricicoccus,
Eubacterium hallii, Haemophillus, and Ruminiclostridium were reduced, whereas Coprobacter
and uncultured bacterium increased in the energy-restricted MD group in comparison to
non-energy-restricted MD. Furthermore, metabolic pathways responsible for the biosynthe-
sis of amino acids, nucleosides, nucleotides, and carbohydrates were significantly different
between the two groups of interest. As selected SCFA-producing bacteria were increas-
ingly abundant in both subgroups, and as their number positively correlated with the
MD adherence score (MedScore), the authors concluded that MD-induced changes may
be modulated by SCFA-producing bacteria regardless of energy restriction. Accordingly,
Pagliai et al. explored the effects of a MD on gut microbiota and SCFA production in an
RCT with a 3-month follow-up [107]. Although the study suggested that 3 months of
MD does not induce major changes in the gut microbiota, the observed changes in SCFA
production support the role of a MD in modulating the inflammatory response. Specifically,
a negative correlation was observed between SCFA and multiple inflammatory cytokines.
Furthermore, the effects of a modified Mediterranean-ketogenic diet (MMKD) on gut
microbiota and SCFAs have also been explored in populations with neurological disorders.
It was demonstrated in a randomized crossover study that specific gut microbial signatures
may herald mild cognitive impairment in Alzheimer’s disease (AD) and that the MMKD
may modulate both gut microbiome and metabolites associated with biomarkers of AD in
cerebrospinal fluid [108]. Their results were also corroborated by two recent studies that
explored the effects of an MMKD on AD and multiple sclerosis [109,110]. Finally, Barber
et al. showed in a short-term (2 weeks) MD intervention that despite the relatively small
difference in microbiota composition between subjects on a MD and subjects receiving
a standard Western-type diet, microbial metabolism was disparate between the groups, as
evidenced by urinary metabolite profiles and an abundance of microbial metabolic path-
ways [111]. Therefore, one can conclude that a sustained MD is needed to elicit relevant
gut microbiota changes, whereas even a short-term MD might offer benefit in regard to
the metabolome.

4.3. Bariatric Surgery

Often regarded as the last resort of morbid obesity treatment, bariatric surgery still
represents an important weight-reduction method.

We previously noted that Gutiérrez-Repiso et al. demonstrated the expansion of
Porphyromonadaceae and Rikenellaceae families, Parabacteroides and Alistipes generum, and
P. distasonis bacterial species following Roux-en-Y gastric bypass (RYGB) surgery. These
results imply that the effector arm of RYGB-induced metabolic alterations may lie in
gut microbiota changes. Furthermore, RYGB also led to downregulation of most of the
biosynthesis pathways, perhaps as a result of extreme caloric restriction. Pentose phos-
phate and sugar biosynthesis pathways were also enriched following RYGB, whereas
a decrease in the nucleic acid processing pathway was demonstrated. The aforementioned
pentose phosphate pathway has been related to obesity, even though the data are rather
conflicting [112,113]. By applying a parallel and integrated metagenomic and metabonomic
approach, Li et al. demonstrated in a rat model that RYGB surgery induces marked alter-
ations of the main gut bacteria, increasing the concentrations of Proteobacteria (as much as
52-fold) while lowering the concentrations of Bacteroidetes and Firmicutes [114]. Moreover,
the authors also aimed to explain their results from a mechanistic standpoint by showing
that surgically induced changes in the GI anatomy, flow of nutrients, and weight are also
associated with changes in urinary and fecal profiles, thus reflecting increased oligosaccha-
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ride fermentation in GI and amine generation, as well as biogenesis of p-cresol and related
compounds. Furthermore, a human study further confirmed that RYGB causes profound
changes in the gut microbiota composition. Specifically, a marked increase was observed
in the Gammaproteobacteria class (especially Enterobacteriaceae), decrease in Firmicutes, and
loss of methanogens. The authors argue that shortened small intestinal length, changes
in acid exposure to the gastric remnant, and oxygen availability in the colon favored the
growth of facultative anaerobes such as Gammaproteobacteria over obligate anaerobes such
as Firmicutes. In addition, it was hypothesized that surgery itself affects food ingestion
and digestion, but that it also portends more rapid transit of ingested materials to the
colon. Sanchez-Alcoholado et al. compared the effects of two distinct types of bariatric
surgeries on gut microbiota and metabolism: RYGB and laparoscopic sleeve gastrectomy
(LSG) [115]. Overall, the authors concluded that RYGB yields overall greater gut micro-
biota differences than SG. Following RYGB, an increase in Proteobacteria, Fusobacteria, and
Enterobacteriaceae was observed, whereas Verrucomicrobiaceae showed higher levels in SG.
Moreover, an inverse correlation was established between Enterobacteriaceae and Veillonella
with cholesterol levels, and a positive relationship was also seen between Verrucomicrobia
and high-density lipoprotein cholesterol, thus suggesting an implication of these bacteria
in the observed changes in total cholesterol levels between procedures following surgery.
The difference in the observed changes may be attributed to the difference in pH between
RYGB and LSG. In RYGB, the distal stomach and the small intestine are excluded from
the digestive transit; hence, the stomach acidity is in part avoided and the amount of
hydrochloric acid in the intestine is reduced. pH is an important determinant of the distri-
bution of major fermentation end products and it has been also demonstrated that pH may
affect bacterial growth [116,117]. For instance, butyrogenic reactions occur at mildly acidic
pH [118]. Accordingly, butanoate metabolism was enriched in the gut microbiome of RYGB
patients, most probably mediated by Clostridiaceae, Clostridium, or Oscillospira, all of which
are butyrate producers [119]. In a separate study, Kong et al. [120] reported an increase
in microbiota richness following RYGB, mostly owing to an increase in Proteobacteria. In
addition, an association was established between gut microbiota and gene expression
in white adipose tissue. Wisnewsky et al. demonstrated that RYGB and LSG produced
notable changes to gut microbiota, and that the observed differences may be associated
with modifications in the digestive physiology that are caused by a surgical procedure [121].
For instance, Firmicutes phyla in RYGB correlated with glycated hemoglobin levels and
improved trunk fat mass, whereas an increase in Alistipes shahii after surgery was associated
with metabolic improvement.

4.4. Vegan and Vegetarian Diet

Vegan and vegetarian diets are gaining popularity for their reputed health protective
properties, believed to be the consequence of reduced levels of inflammation and linked
to their distinct gut microbiota [122]. A general pattern observed in vegan and vegetarian
populations is an increase in the abundance of bacteria involved in the fermentation
of dietary fiber, such as Ruminococcus, Lactobacillus, Clostridium, Eubacterium rectale, and
F. prausnitzii [123,124]. Results of observational studies assessing the effect of vegan diet on
gut microbiota showed an increase of phyla Bacteroidetes and a higher abundance of genus
Prevotella, while studies yielded inconclusive results regarding the diversity and richness
of gut microbiota [125]. On the other hand, interventional studies assessing the effects of
plant-based diets on gut microbiota support findings of an increased abundance of bacteria
involved in fiber breakdown, as well as an increase in butyrate-producing bacteria such as
Ruminococcaceae, Lachnospiraceae, Coprococcus, Roseburia, Blautia, Alistipes, and F. prausnitzii,
while also showing inconclusive results with respect to the diversity and richness of gut
microbiota [126].

The observed change in the composition of the intestinal microbiota may be caused
by a variety of factors, including the types of bacteria that are consumed directly through
food, the substrates that are consumed, variations in duration of transition through the
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gastrointestinal system, the local pH, host secretion that is affected by dietary patterns,
and the regulation of gene expression in host cells and/or bacteria [127]. Evidence ex-
tracted from studies which followed the Firmicutes-to-Bacteroidetes ratio are inconsistent,
as we have already discussed. Nevertheless, the observed decrease in Firmicutes levels in
favor of Bacteroidetes and Bifidobacteria might be explained as a response to an increased
intake of resistant starches. A microbiome enriched in Firmicutes has been associated with
an increased capacity for energy harvest and obesity, which could be beneficial in prevent-
ing and treating obesity [128]. In addition, De Filippo et al. confirmed a higher abundance
of Prevotella, a genus of the Bacteroidetes phyla, as a response to a vegan diet [129]. Animal
and plant-based food impact the abundance of Bacteroides, a genus well known for pro-
inflammatory effects. Clostridium clostridioforme, B. thetaiotaomicron, and Faecalibacterium
prausnitzii, all considered to offer protective effects, had a higher relative abundance among
vegetarians/vegans compared to omnivores. On the other hand, there are inconsistent
data regarding the impact of dietary patterns on the abundance of Clostridium cluster
XIVa. Previous data showed a lower abundance of this species in vegetarians/vegans, but
a recent study confirmed Clostridium cluster XIVa bacteria to be a major component of
gut microbiota in vegetarian women [130]. Abundance of the third major enterotype,
Ruminococcus, was associated with long-term fruit and vegetable consumption. Species
from this enterotype specialize in degrading complex carbohydrates, such as resistant
starch and cellulose found in plant-based foods, which results in the production of butyrate,
amolecule that offers different beneficial roles to human health including anti-inflammatory
properties, lower endotoxemia, and lower arterial stiffness [131,132]. Ruminococcus might
also play a role in the conversion of animal-derived choline to trimethylamine [133]. This
might explain the importance of an animal-based diet as well as a plant-based diet to
Ruminococcus abundance.

A diet enriched with whole grains such as barley, brown rice, or a combination of
the two increased microbial diversity in a study by Martinez et al., in which participants
were followed for 28 weeks [134]. The results of short-term dietary interventions which
increased fiber intake showed an opposite effect, showing reduced diversity. This could be
explained by a hypothesis of transitory microbial “stress”, which has a mild but significant
impact and causes an increase in Enterobacteriaceae as a result of the rapid dietary change
caused by dietary intervention. Klimenko et al. found a positive association between the
alpha-diversity value of microbial richness and long-term fruit and vegetable intake, as
well as a negative association between alpha-diversity and BMI [135]. These results could
be explained by a greater presence of butyrate-producing bacteria which can lower colonic
pH, preventing the growth of pathogenic bacteria such as Enterobacteriaceae in individuals
following a higher-fiber diet [136].

5. Future Directions and Conclusions

Based on the presented data, we may conclude that various dietary interventions
can result in significant changes to both gut microbiota and metabolic pathways in obese
individuals. It is worth noting that the effects do not simply depend on the type of
intervention, but also on its duration and the presence of concomitant caloric restriction.
Unfortunately, it is rather challenging to derive proper inferences, given that most of
the data are not a result of sufficiently powered RCTs. Perhaps the strongest body of
evidence is available for MD, but even for this, more data are needed to reach appropriate
conclusions. The biggest task in future studies is to find out whether the response to
any of these interventions can be predicted using the gut microbiota composition and/or
metabolites, thus providing us with a feasible method of finding the appropriate dietary
intervention. Currently, there are multiple obstacles preventing us from fulfilling this task.
For a start, although it was demonstrated that gut microbial changes can occur rapidly,
it remains elusive what duration, if any, is needed to induce a permanent change to the
core microbial profile. Secondly, the composition of one’s gut microbiome seems to be
more closely related to specific dietary preferences rather than the nutritional interventions,
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thus further impeding the adequate designing of the studies. In line with this, nutritional
intervention studies are commonly burdened by adherence issues, which poses a problem,
especially in the absence of reliable adherence indicators. Finally, although there is an
abundance of data in this regard, a gap still exists in our understanding of the role of gut
microbiota and metabolites in the pathophysiology of obesity and metabolic syndrome.
For instance, we conclude about the effects of a certain diet on a certain disorder by using
serum biomarkers and, in many cases, the serum biomarkers have very limited accuracy in
depicting the respective disorder.
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