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Abstract: There is currently a growing interest in the use of nutraceuticals as a means of preventing
the development of complex diseases. Given the considerable health potential of milk-derived
peptides, the aim of this study was to investigate the protective effects of glycomacropeptide (GMP)
on metabolic syndrome. Particular emphasis was placed on the potential mechanisms mitigating
cardiometabolic disorders in high-fat, high-fructose diet-fed mice in the presence of GMP or Bipro, an
isocaloric control. The administration of GMP for 12 weeks reduced obesity, hyperglycemia and hyper-
insulinemia caused by a high-fat, high-fructose diet, resulting in a decline in insulin resistance. GMP
also lessened systemic inflammation, as indicated by decreased circulating inflammatory cytokines.
In the intestinal and hepatic tissues, GMP improved homeostasis by increasing insulin sensitivity
and attenuating high-fat, high-fructose-induced inflammation, oxidative stress and endoplasmic
reticulum stress. Biochemical and histological analyses revealed improved hepatic steatosis and fatty
acid composition in the livers of high-fat, high-fructose diet-fed mice treated with GMP compared to
Bipro. A trend toward a decrease in bile acids without any marked changes in intestinal microbiota
composition characterized GMP-treated animals compared to those administered Bipro. GMP offers
considerable potential for fighting metabolic syndrome-related components and complications given
its beneficial effects on risk factors such as inflammation, oxidative stress and endoplasmic reticulum
stress without involving the intestinal microbiota.

Keywords: milk peptide; metabolic syndrome; gut–liver axis; inflammation; oxidative stress;
endoplasmic reticulum stress; fatty acids

1. Introduction

Metabolic syndrome (MetS), a widespread condition, consists of several physiological
disorders, including central obesity, reduced high-density lipoproteins, elevated triglyc-
erides (TGs), high blood pressure and raised fasting blood glucose [1,2]. Each component,
but especially the synergetic effect of their sum, contributes to the development of seri-
ous complications such as type 2 diabetes, non-alcoholic fatty liver disease (NAFLD) and
atherosclerosis [3,4]. Although excessive energy intake and the Western dietary pattern
exert a major impact on MetS progression, its precise etiology remains nebulous.
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First-line therapy for MetS includes lifestyle modifications such as diet modification
and physical activity; however, these measures are often insufficient to normalize risk
factors, leading to the use of pharmaceutical agents. As MetS represents a cluster of multi-
ple risk factors, it requires polypharmacological treatment such as angiotensin-converting
enzyme inhibitors or diuretics for lowering high blood pressure, fibrates for controlling
abnormally increased TG levels, and peroxisome proliferator-activated receptor-γ agonists,
insulin-sensitizing agents, glucagon-like peptide-1 receptor agonists, dipeptidyl peptidase-
4 inhibitors or sodium-glucose cotransporter-2 inhibitors for reducing hyperglycemia [5].
However, there is no single pharmaceutical therapy that can effectively address all un-
derlying causes simultaneously [3]. Given the side effects of these various drugs and the
interferences between them, there is an urgent need to adopt a comprehensive and valuable
approach that can simultaneously treat all aspects of MetS.

Non-pharmaceutical alternatives, including nutraceuticals and phytotherapy, are
currently attracting growing interest as a means of hindering the development of complex
diseases or treating them safely. Nutraceuticals can communicate with diverse cellular
compartments, transcription factors, regulatory genes and metabolic pathways [6,7]. In this
context, human and bovine milk contain a myriad of bioactive peptides, which provide
remarkable health benefits [8–10]. For example, many of these milk constituents are
endowed with advantageous properties and physiological functions, resulting in tangible
benefits such as calcium absorption, bone health, improved immunity and protection
against infections [11].

Recently, our laboratory highlighted the ability of glycomacropeptide (GMP) to coun-
teract oxidative stress (OxS) and inflammation in intestinal Caco-2/15 cells [12], along
with the amelioration of some aspects of MetS, such as insulin resistance (IR). In a sub-
sequent study, we validated these findings using a murine model exposed to a high-fat,
high-sucrose diet [13]. Interestingly, the administration of GMP to high-fat, high-sucrose
diet-fed mice resulted in significant attenuation of IR, which is central to MetS pathogenesis.
Furthermore, GMP displayed powerful antioxidant and anti-inflammatory properties in
the liver, besides attenuating lipid accumulation, suggesting that GMP could be effective
for NAFLD as well [13].

Several studies have reported links between MetS and the gut microbiota [14–17].
Notably, it has been suggested that disturbances in the composition and diversity of gut
microbes may contribute to MetS development [18,19]. In addition, the gut microbiota is
thought to be involved in the regulation of energy metabolism through the production of
short-chain fatty acids (SCFA), which can modulate glucose and lipid metabolism [20–22].
Given that GMP can be absorbed without digestive degradation and has been suggested
to alter the gastrointestinal microbiota [23–26], we thought it would be of great interest to
examine the regulatory role of GMP in the composition, diversity and functional potential
of the gut microbiota while focusing on MetS components in mice fed a high-fat, high-
fructose (HFHF) diet. As the gut–liver axis represents a key player in the progression
of MetS complications, we investigated which mechanisms including inflammation, OxS
and endoplasmic reticulum (ER) stress were potentially triggered by GMP in the gut and
the liver.

2. Materials and Methods
2.1. Glycomacropeptide

GMP (as the bioactive protein) and Bipro were obtained from Agropur Dairy Coopera-
tive (Eden Prairie, MN, USA). Importantly, Bipro was selected as an isocaloric control since
it contains the same amino acids as GMP, but in a random order.

2.2. Animals

Eight-week-old C57BL/6 male mice (n = 36) were purchased from Charles River and
maintained in a temperature- and humidity-controlled environment (22 ± 1 ◦C) on a 12 h
daylight cycle with free access to food and water. During the first week, mice were accli-
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matized with a chow diet from Harlan Laboratories (18.6% protein, 44.2% carbohydrates
and 6.2% fat; 3.1 kcal/g). To determine the effect of GMP on diet-induced MetS, mice
were then separated into individual cages and randomly assigned to three different dietary
conditions for 12 weeks. Mice were fed either a standard chow or a high-fat, high-fructose
diet (HFHF). Chow-fed animals (n = 12) were administered daily a water vehicle while
HFHF diet-fed animals received oral doses of Bipro, an isocaloric control (HFHF + Bipro;
n = 12), or glycomacropeptide (HFHF + GMP; n = 12) (200 mg/kg body weight). The HFHF
diet consisted of a high-fat, high-sucrose diet from Research Diets (15% protein, 20% sucrose
and 65% fat; 5.2 kcal/g) in addition to 30% fructose in drinking water (Supplementary data,
Figure S1).

Body weight and food intake were measured twice a week. Stool samples were
freshly collected at baseline and at weeks 6, 9 and 11 and immediately stored at −80 ◦C
for subsequent metagenomics sequencing and SCFA analysis. After 12 weeks of treatment,
animals were anesthetized in chambers (saturated with isoflurane) and euthanized by
cardiac puncture. Blood was collected in EDTA-coated tubes and plasma was separated
from cells by centrifugation at 3000× g for 20 min at 4 ◦C. Organs such as small intestinal
segments, liver and adipose tissues were dissected, weighed and flash-frozen in liquid
nitrogen before being stored at −80 ◦C for further experiments. Some tissue samples were
placed in TRIzol for mRNA determinations, placed in radioimmunoprecipitation assay
(RIPA) buffer for protein analyses or fixed in 10% neutral buffered formalin for histological
examination. All animal manipulations were approved by the Institutional Animal Care
Committee of the Sainte-Justine UHC Research Center.

2.3. Glucose and Lipid Homeostasis

Blood was collected from the tail at weeks 0, 6 and 10 after an overnight fast (12 h),
and glycemia was measured with an Accu-Check glucometer. Plasma was then separated
as described above and insulin, TG, and total cholesterol (TC) concentrations were assessed
using commercial kits (Millipore, Billerica, MA, USA & Randox Laboratories, Crumlin, UK).
The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) index was then
calculated using the following formula: fasting insulinemia (mUI/mL) × fasting glycemia
(mM)/22.5. Plasma bile acids were assessed using liquid chromatography coupled with
tandem mass spectrometry, as previously described [27].

Lipid extraction in tissue. Approximately 0.1 g of liver tissue was homogenized in
1 mL of PBS-EDTA buffer and lipids were extracted in a 2:1 chloroform/methanol solution
overnight at 4 ◦C. After evaporation of the lower phase, lipids were resuspended in 400 µL
of H2O, and TG and TC concentrations were determined as described above. Phospholipids
were measured using the Bartlett method [28].

2.4. Analytical Methods

At sacrifice, plasma was collected to measure high molecular weight (HMW) adiponectin
concentrations with the Mouse HMW & Total Adiponectin Elisa kit (ALPCO, Salem, NH,
USA). Plasma samples (n = 8/group) were also assessed for inflammatory factors by a
32-multiplex cytokine array (Eve technologies, Calgary, AB, Canada).

2.5. Histological Analyses

As previously mentioned, at sacrifice, colon, liver and mesenteric adipose tissue sam-
ples were fixed in 10% neutral buffered formalin, dehydrated in gradient ethanol washing
series and embedded in paraffin. For histological evaluation, 3 µm thick tissue sections were
stained with either hematoxylin-phloxine saffron (HPS) or hematoxylin-eosin (HES) and
examined under an optic microscope by a pathologist who was blinded to the experimental
protocol. Images of stained tissues were captured by Zeiss Imager A1. Measurements were
taken with the AxioVision software (https://www.micro-shop.zeiss.com/en/us/system/
software+axiovision-axiovision+program-axiovision+software/10221/#variants, accessed
on 23 September 2021) for colon and liver tissues (n = 4), as previously described [13,29].

https://www.micro-shop.zeiss.com/en/us/system/software+axiovision-axiovision+program-axiovision+software/10221/#variants
https://www.micro-shop.zeiss.com/en/us/system/software+axiovision-axiovision+program-axiovision+software/10221/#variants
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Automated analysis of histological images using Adiposoft. The protocol from Galarraga
was followed to determine the adipocyte numbers and cell area [30]. Briefly, representa-
tive histological images of mice mesenteric adipose tissues (n = 4) were analyzed using
ImageJ version 1.53a (https://imagej.nih.gov/ij/, accessed on 23 September 2021) with
the Adiposoft version 1.16 plug-in (https://imagej.net/plugins/adiposoft, accessed on 23
September 2021). As with the Choi procedure [31], (i) the scale was set at 1.02 micron/pixel,
(ii) adipocytes with a diameter < 30 µm or >300 µm were removed and (iii) adipocytes on
the edges were excluded. After automated analysis, images were reviewed and manually
edited if needed. To minimize data distortion caused by artifacts, we excluded values less
than 500 µm2 and greater than 15,000 µm2 [32].

2.6. RNA Isolation, Reverse Transcription and Quantitative PCR Analyses

Intestinal and hepatic tissue samples were homogenized in TRIzol reagent and total
RNA was extracted. RNA concentration and purity were determined by the 260/280 ratio
using a Biodrop Touch Duo spectrophotometer (Montreal Biotech Inc., Dorval, QC, Canada).
Agarose gel electrophoresis was also performed to assess RNA integrity. Complementary
DNA was obtained by reverse transcribing 1 µg of total RNA with Superscript VILO Master
Mix (Invitrogen, Waltham, MA, USA). Gene expression was analyzed by quantitative RT-
PCR (qRT-PCR) using the 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA) with PowerUp SYBR Green Master Mix (Applied Biosystems, Waltham, MA,
USA). The thermal profile included an initial denaturation at 95 ◦C for 30 s, followed by
40 cycles of denaturation at 95 ◦C for 3 s, and a combined annealing/extension step at 60 ◦C
for 30 s. Expression levels of target-gene mRNAs were calculated by the 2−∆∆CT method.
mRNA expression of each gene was normalized to β-actin as a reference gene. The list of
all primers can be found in Supplementary Table S1.

2.7. Western Blot Analysis

Total homogenates. Liver and colon tissue samples were homogenized in cold RIPA
buffer supplemented with a cocktail of protease and phosphatase inhibitors. Supernatant
proteins were obtained after centrifugation at 3000× g for 10 min at 4 ◦C, and protein
concentration was determined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Samples (10 µg) were then denatured at 95 ◦C for 5 min in a sample buffer containing
sodium dodecyl sulphate (SDS) and β-mercaptoethanol, separated on a 10% sodium
dodecyl sulphate polyacrylamide gel and electroblotted onto nitrocellulose membranes.
Nonspecific binding sites of the membranes were blocked with Tris-buffered saline [20 mM
Tris–HCl (pH 7.5), 137 mM NaCl] containing 0.1% Tween 20 and 5% non-fat dry milk
for 60 min at room temperature. Membranes were then incubated overnight at 4 ◦C
in a blocking solution with primary antibodies (Supplementary Data, Table S2). The
relative amount of primary antibody was detected with a species-specific horseradish
peroxidase-conjugated secondary antibody using the ChemiDoc MP Imaging System (Bio-
Rad, Hercules, CA, USA). All data were expressed as the ratio of target protein to β-actin,
GAPDH or lamin, which served as housekeeping proteins. Of note, Western blots are most
accurate when both forms of the protein of interest (total and phosphorylated) are applied
to the same blot and, therefore, share the same housekeeping gene. However, to avoid
stripping and re-probing the same membrane, which can reduce resolution, we analyzed
the total and phosphorylated forms of PERK, AKT, p38 and SAPK/JNK using different
blots. Each form was thus evaluated against its housekeeping protein before dividing the
results of the phosphorylated form by the total form.

Cytosol and nucleus isolation. Liver and colon tissue samples were homogenized with a
Dounce homogenizer in a cold buffer containing 250 mM sucrose, 3 mM EDTA and 1 mM
DTT at pH 7.4 supplemented with a cocktail of protease inhibitors (Sigma-Aldrich, St.
Louis, MO, USA). Once samples appeared to be homogeneously disrupted, homogenates
were centrifuged at 1000× g for 10 min at 40 ◦C. The supernatant containing the cytosolic
fraction was transferred into a separate 1.5 mL Eppendorf tube and kept on ice, while

https://imagej.nih.gov/ij/
https://imagej.net/plugins/adiposoft
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centrifugation was repeated a second time to wash nuclei pellets. Then, pellets were
resuspended in RIPA buffer supplemented with a cocktail of protease and phosphatase
inhibitors (Sigma-Aldrich, St. Louis, MO, USA) and sonicated (10 sec.) to ensure proper
homogenization. The protein concentration of nuclei and cytosol fractions was determined
as described above for total homogenates. Western blotting was used to determine the
protein expression of transcription factors (AP-1, ATF6, IRE1, NF-κB, NRF2, PERK, p-PERK
and p-SAPK) in nuclear samples, whereas IκB and SAPK/JNK protein expression was
assessed in cytosol samples.

2.8. Glutathione Peroxidase (GPx) Activity

Liver and colon tissue samples were homogenized in PBS buffer, and supernatant
proteins were obtained after centrifugation at 10,000× g for 5 min at 4 ◦C to determine
glutathione peroxidase activity by Elisa kits (ABCAM, Cambridge, UK).

2.9. Free Fatty Acid Analysis

Free fatty acid determination was performed in liver tissue. For liver sample prepara-
tion, 0.1 g of tissue was homogenized in 1 mL PBS-EDTA 4 mM, and lipids were extracted
overnight at 4 ◦C. After evaporation of the lower phase, lipids were resuspended in 600 µL
of H2O. Samples were then subjected to transesterification and injected into a gas chromato-
graph (Agilent 7890 GC, Mississauga, ON, Canada) using a 90 m × 0.32 mm WCOT-fused
silica capillary column VF-23ms coated with 0.25 µm film thickness (Agilent, Mississauga,
ON, Canada), as previously described [33].

2.10. Metagenomic DNA Extraction

Metagenomic DNA was extracted from feces and cecal scrapings using the MP
FastDNA SPIN kit and FastPrep-24 instrument (MP Biomedicals, Santa Ana, CA, USA),
as previously described [34]. Briefly, samples were subjected to two rounds of mechanical
lysis at 6 m/s for 40 s, with cooling on ice for at least 5 min between lysis rounds, followed
by the standard manufacturer’s protocol. Metagenomic DNA was eluted in H2O and
the DNA concentration in each sample was measured using a Qubit fluorimeter (Thermo
Fisher Scientific, Waltham, MA, USA) as per the manufacturer’s protocol. Samples were
normalized to 5 ng/µL prior to library construction.

2.11. 16S rRNA V6 Library Construction for Ion Torrent Sequencing and Analysis

V6-16S rRNA amplicon libraries were constructed and sequenced as previously de-
scribed, with samples randomly distributed between sequencing libraries and selected
samples sequenced multiple times to control for potential batch effects [34]. Briefly, the
V6 hypervariable region of the extracted metagenomic DNA was amplified in the PCR
reaction and each sample was pooled at equal masses. The amplicon pool was purified,
size-selected and sequenced on an S5 Ion Torrent using 540 chips according to the manufac-
turer’s instructions. Raw sequencing reads were demultiplexed using cutadapt discarding
reads without both universal primers, reads with ambiguous bases and reads <100 in
length after primer removal [35]. These demultiplexed/filtered reads have been deposited
to NCBI SRA under project accession PRJNA1016344. Amplicon sequence variants (ASVs)
were identified using the dada2 workflow [36] and subsequent analysis was performed
using phyloseq [37]. Briefly, reads were quality-filtered to remove those with expected
errors >1 and the error profile was determined using the recommended settings for Ion
Torrent datasets. Reads were denoised and chimera filtered in dada2 with sample pooling.
Taxonomy was assigned using the RDP Naive Bayesian Classifier algorithm using the
default parameters against the Silva 132 database. The resulting ASVs were inserted into
the Silva 132 backbone tree using SEPP with the default settings to calculate phylogenetic
distances [38]. ASV functional potentials were determined using PICRUSt2 [39].
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2.12. Short Chain Fatty Acid Analysis

Initial (week 0) and final (week 11) stools from mice in each group were analyzed
for total SCFA content (acetic, propionic, butyric, isobutyric, 2-methyl butyric, isovaleric,
2-methyl valeric, caproic and isocaproic acid). For each time point, 2–3 mouse stool pellets
were precisely weighed, and 50% aqueous acetonitrile (10 µL per µg) was added. The
samples were homogenized using FastPrep-5G and subsequently centrifuged at 16,000× g
at 10 ◦C for 10 min and the supernatant was removed. The levels of SCFAs were quan-
tified using a derivatization method, as published in a previous study [40]. Briefly, the
40 µL supernatant was reacted with 20 µL of 200 mM 3-nitrophenylhydrazine (3NPH) and
20 µL of 120 mM of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride-6%
pyridine solution at 40 ◦C for 30 min. The samples were diluted with 10% aqueous ace-
tonitrile and mixed with 13C6-3NPH-labeled SCFAs as internal standards. The mixtures
were analyzed on an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) in PRM mode equipped with a tip column (75 µm inner diameter
×15 cm) packed with reverse phase beads (3 µm/120 Å ReproSil-Pur C18 resin, Dr. Maisch
HPLC GmbH, Ammerbuch, Germany). The concentrations of SCFAs were calculated based
on the standard calibration curve using internal standards. Samples with values below the
quantitative limit of the assay were discarded from further analysis and SCFAs with >90%
of the samples below the detection limit were also removed (2-methyl valeric, caproic and
isocaproic acids).

2.13. General Statistical Analysis

All values were expressed as the mean ± SEM. Data were either analyzed by two-
way ANOVA when temporal evolution was examined or by one-way ANOVA followed
by Tukey’s multiple comparisons test. All analyses were performed using PRISM 7.0
(GraphPad Software, San Diego, CA, USA). Differences were considered significant at
p ≤ 0.05. A frequency distribution test was performed on adipocytes cell area, and a
one-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparisons test
was used to compare adipocyte area among groups.

2.14. Microbiome Statistical Analysis

For the 16S amplicon data analysis, contaminant ASVs were first identified and re-
moved with decontam using the frequency method to control for the sequencing batch [41].
ASVs annotated as eukaryota, chloroplast or mitochondria were also removed as likely
off-target amplicons. ASVs were subsequently filtered to only keep those with ≥2 counts
in at least 5% of the final sample dataset, and samples with <39,000 reads after filtering
were removed from further analysis. Where required, a pseudocount was added to allow
for plotting log10-transformed relative abundances. Technical replicates were merged at
equal ratios and samples were rarefied to 39,000 reads where appropriate. Differences in
alpha diversity were assessed with the Chao1 (richness) and Shannon (evenness) indices
using Mann–Whitney or Kruskal–Wallis tests as appropriate. Sample beta diversity was
examined using the weighted Unifrac distance and significant clustering was assessed
using PERMANOVA via the adonis2 function in vegan [42] (Supplementary Data, Table S3).
Differentially abundant ASVs and functional potential between Bipro and GMP mice at
the end of the experiment were determined by analyzing microbiota communities in the
cecal samples and using the final collected stools using both meteagenomeSeq and DE-
Seq2 [43,44]. ASVs/functions were considered differentially abundant if detected by both
algorithms with a fold change ≥1.5 and an adjusted p value ≤ 0.05 (Supplementary Data,
Table S4). MetagenomeSeq’s fitTimeSeries function was used to identify ASVs/functions
with different abundance patterns over time between the Bipro and GMP mice. Multiple
comparisons were controlled using the Benjamini and Hochberg approach and the crite-
rion for statistical significance was set at p < 0.05 with a differential abundance interval
length > 1 week (Supplementary Data, Table S5).
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3. Results
3.1. GMP Supplementation Prevents Excessive Weight Gain and Adipocyte Hypertrophy

To determine the effect of GMP on diet-induced obesity, mice were fed with either
a chow or HFHF diet for 12 weeks. Of note, the administration of Bipro or GMP did not
result in any adverse event during the 12-week period. As shown in Figure 1A, adminis-
tration of the HFHF diet from week 4 to week 12 resulted in a significant increase in body
weight compared to the chow group. Although total energy intake was similar between
the HFHF + Bipro and HFHF + GMP groups (Figure 1C), GMP supplementation resulted
in lower body weight increment and total body weight gain (Figure 1A,B). The difference
in body weights between the HFHF + Bipro and HFHF + GMP groups did not appear to
derive from differences in perirenal, epididymal, inguinal and mesenteric adipose tissue
(Figure 1D). Given the importance of mesenteric adipose tissue in metabolic health, we
compared histopathological HPS staining in mesenteric tissues of chow, HFHF + Bipro and
HFHF + GMP animals (Figure 1E–H). The calculation of adipocyte cell diameter distribution
revealed marked differences among groups. Chow-fed mice displayed the highest propor-
tion (≈22%) of small adipocytes (≈40 µm), with a total absence of adipocytes larger than
120 µm in comparison to HFHF diet-fed mice (Figure 1F). In contrast, HFHF diet-fed mice
displayed a low percentage (≈13%) of small adipocytes and a higher proportion (≈14%) of
adipocytes ranging from 120 µm to 150 µm (Figure 1G). Interestingly, GMP supplemen-
tation led to an adipocyte distribution between chow and HFHF (Figure 1H), suggesting
an ameliorated adipose tissue profile. Accordingly, mean adipocyte cell area significantly
differed between chow, HFHF + Bipro and HFHF + GMP animals (3385 µm2 ± 74.34,
6438 µm2 ± 305.5 and 5627 µm2 ± 227.2, respectively) (Figure 1E).
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high-fructose diet (HFHF) for 12 weeks. Chow-fed animals were administered daily a water vehi-
cle while HFHF diet-fed animals received oral doses of Bipro (HFHF + Bipro) or glycomacropep-
tide (HFHF + GMP) (200 mg/kg). (A) Body weight evolution. (B) Total weight gain. (C) En-
ergy intake. (D) Fat pad distribution (perirenal, epididymal inguinal and mesenteric fat pads)
(n = 8/group). At the end of the 12-week experiment, mesenteric adipose tissues were fixed,
paraffin-embedded and stained with HPS. Representative images of (F) chow-fed mice, (G) HFHF +
Bipro-fed mice and (H) HFHF + GMP-fed mice adipocytes were taken (magnification × 200, scale
bar = 100 µm). Adipocyte size distribution (%) was then calculated for (F) chow, (G) HFHF + Bipro
and (H) HFHF + GMP groups as well as (E) adipocyte area (µM2) (n = 4/group). Data are expressed
as the mean ± SEM. Versus chow: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; versus HFHF +
Bipro: ## p < 0.01, # p < 0.05.

3.2. GMP Supplementation Alleviates Systemic Insulin Resistance and Inflammation

As insulin insensitivity is a major feature of MetS and usually results in elevated
insulin production to lower circulating glucose concentrations, we examined glycemia and
insulinemia in all three groups of fasting animals. High levels of glucose and insulin were
observed in response to HFHF throughout the experiment. However, GMP administration
reduced the magnitude of this increase. A maximal beneficial action was observed at week
10 (Figure 2A,B). The calculation of the HOMA-IR index confirmed an improvement of
insulin sensitivity by GMP, with the utmost impact at week 10 (Figure 2C). As noted in
Figure 2D,E, mice on the HFHF diet developed hypertriglyceridemia and hypercholes-
terolemia compared to mice on the chow diet, with no significant changes upon treatment
with GMP.

As low-grade inflammation is intrinsically linked to MetS development, we analyzed
the concentrations of various cytokines, chemokines and inflammation-related proteins in
the plasma of mice sacrificed at week 12. As expected, the Bio-Plex technology revealed
that HFHF + Bipro mice, compared to chow-fed mice, displayed higher levels of pro-
inflammatory cytokines and chemokines and a complex of network molecules that regulate
cell proliferation, differentiation and survival (Supplementary Data, Figure S2). These
results reflect a higher state of inflammation in response to HFHF feeding. Strikingly,
GMP supplementation lowered various pro-inflammatory cytokines (i.e., MCP-1, MIG
and TNFα) known to be implicated in MetS development to a level comparable to or
even lower than that of chow-fed mice (Figure 2F–J). These results suggest that HFHF
diet-induced systemic inflammation could be harnessed by GMP administration. We next
determined the plasma concentration of adiponectin, a protein secreted by adipose tissue,
endowed with anti-inflammatory properties (Figure 2K). Although adiponectin levels were
not statistically different between groups, the observed mean in HFHF + GMP was 40%
higher than in HFHF + Bipro mice.

3.3. GMP Impact on Gut Morphology and Permeability

Colon sections were stained with HES for histologic assessment (Figure 3A–C). Apart
from a slight trend toward a decrease in the number of mucus cells in response to the HFHF
diet, there was little change in the distance between colonic crypts or muscle thickness
compared to chow-fed animals. (Figure 3D–F). Likewise, colonic tissues from GMP-treated
animals exhibited a subtle but nonsignificant increase in mucus cells, which may indicate
partial tissue recovery (Figure 3D).

We then turned to the analysis of zonula occludens (ZO)-1, occludin and claudin-1,
which play a crucial role in maintaining the integrity and function of the intestinal barrier
(Figure 3G–I). GMP administration resulted in a slight tendency to increase ZO-1 and
occludin, but significantly upregulated claudin-1 gene expression (Figure 3H,I).



Nutrients 2024, 16, 871 9 of 29

Nutrients 2024, 16, x FOR PEER REVIEW 9 of 30 
 

 

Figure 2D,E, mice on the HFHF diet developed hypertriglyceridemia and hypercholester-
olemia compared to mice on the chow diet, with no significant changes upon treatment 
with GMP.  

 
Figure 2. Glycomacropeptide administration prevented systemic insulin resistance and inflamma-
tion in high-fat, high-fructose diet-fed mice. At weeks 0, 6 and 10, blood samples were obtained after 
a 12 h overnight fast to assess insulin resistance and dyslipidemia development in mice (n = 
8/group). (A) Glycemia, (B) insulinemia and (C) homeostatic model assessment of insulin resistance 
(HOMA-IR), (D) triglyceridemia and (E) total cholesterolemia. At the end of the 12-week experi-
ment, plasma was collected to characterize mouse inflammatory profiles (n = 8/group). The follow-
ing cytokines were found to be modulated by GMP treatment: (F) MCP-1, (G) MIG, (H) MIP-2, (I) 
TNF-α and (J) RANTES. (K) Adiponectin concentration was also determined as described in the 
Materials and Methods section. Data are expressed as the mean ± SEM. Versus chow: * p < 0.05, **** 
p < 0.0001; versus HFHF + Bipro: # p < 0.05, ### p < 0.001, #### p < 0.0001. MCP-1: monocyte chemo-
attractant protein; MIG: monokine induced by gamma interferon; MIP-2: macrophage inflammatory 
protein; TNF-α: tumour necrosis factor alpha; RANTES: regulated on activation, normal T cell ex-
pressed and secreted. 

As low-grade inflammation is intrinsically linked to MetS development, we analyzed 
the concentrations of various cytokines, chemokines and inflammation-related proteins in 

Figure 2. Glycomacropeptide administration prevented systemic insulin resistance and inflammation
in high-fat, high-fructose diet-fed mice. At weeks 0, 6 and 10, blood samples were obtained after a
12 h overnight fast to assess insulin resistance and dyslipidemia development in mice (n = 8/group).
(A) Glycemia, (B) insulinemia and (C) homeostatic model assessment of insulin resistance (HOMA-
IR), (D) triglyceridemia and (E) total cholesterolemia. At the end of the 12-week experiment, plasma
was collected to characterize mouse inflammatory profiles (n = 8/group). The following cytokines
were found to be modulated by GMP treatment: (F) MCP-1, (G) MIG, (H) MIP-2, (I) TNF-α and
(J) RANTES. (K) Adiponectin concentration was also determined as described in the Materials and
Methods section. Data are expressed as the mean ± SEM. Versus chow: * p < 0.05, **** p < 0.0001;
versus HFHF + Bipro: # p < 0.05, ### p < 0.001, #### p < 0.0001. MCP-1: monocyte chemoattractant
protein; MIG: monokine induced by gamma interferon; MIP-2: macrophage inflammatory protein;
TNF-α: tumour necrosis factor alpha; RANTES: regulated on activation, normal T cell expressed
and secreted.
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Figure 3. Impact of glycomacropeptide treatment on intestinal morphology and permeability. Cross-
sections of distal colon tissue were stained with hematoxylin and eosin (H&E) to evaluate GMP’s
impact on intestinal morphology. Representative images of colon sections of (A) chow, (B) HFHF +
Bipro and (C) HFHF + GMP mouse groups are presented (magnification × 200, scale bars = 100 µm).
Histological parameters including (D) number of mucus cells per crypt, (E) crypt distance and
(F) muscle thickness. Data are shown as the mean ± SEM. Gene expression of tight junction proteins
(G) ZO-1, (H) occludin and (I) claudin-1 was determined by RT-qPCR, as described in the Materials
and Methods section. Data are expressed as the mean ± SEM (n = 4–8/group). Versus HFHF + Bipro:
## p < 0.01. ZO-1: zonula occludens-1.

3.4. GMP Fights Gut Inflammation, Abnormal Redox State and ER Stress

Since intestinal inflammation, OxS and ER stress are linked to MetS development,
it was necessary to define their status and examine the effect of GMP. Inflammation in
the distal colon was appraised by evaluating the protein levels of TNF-α, COX-2, AP-1,
NF-κB and IκB by Western blotting (Figure 4A–E). HFHF + Bipro-fed mice displayed raised
protein levels of TNF-α and COX-2, two powerful inflammatory mediators in the distal
colon, compared to chow-fed animals (Figure 4A,B). Levels of the potent transcription
factor AP-1 and the NF-κB/IκB ratio were also found to be elevated in HFHF + Bipro colon
tissue (Figure 4C,F). However, GMP supplementation resulted in decreased TNF-α protein
expression while lowering AP-1 and the NF-κB/IκB ratio to chow-fed mice levels. We also
analyzed the protein expression of TLR4 as it is the receptor that specifically recognizes
lipopolysaccharide (LPS) from the outer membrane of Gram-negative bacteria. As noted
in Figure 4G, there was a significant increase in TLR4 protein expression in the colon of
HFHF + Bipro mice, but GMP brought it back to chow-fed mice levels. When we assessed
the protein expression of NRF2, the transcription factor that functions as a regulatory
agent for the genes involved in the antioxidant defence, we found higher levels in HFHF +
Bipro colon tissue compared to chow-fed animals and a normalization of the transcription
factor protein expression by GMP (Figure 4I). No significant changes were observed in GPx
activity (Figure 4H).
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factor alpha; COX: cyclooxygenase; AP: activator protein; NF- κB: nuclear factor-kappa B; IκB: in-
hibitor of kappa B; TLR4: toll-like receptor 4; NRF2: nuclear factor erythroid 2-related factor 2; GPx: 
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ulators of the intrinsic apoptotic pathway. No marked variation was observed in the ex-
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Figure 4. Effects of glycomacropeptide on intestinal inflammation and oxidative stress. Protein levels
of key inflammation and antioxidant defence biomarkers were evaluated in the distal colon of mice
by Western blot: (A) TNF-α, (B) COX-2, (C) AP-1, (D) NF-κB, (E) IκB, (G) TLR4 and (I) NRF2 as
described in the Materials and Methods section, and the NF-κB/IκB ratio was calculated (F). AP-1
and NF-κB proteins were assayed on the same membrane using their specific antibodies and shared
the same reference protein lamin. (H) GPx activity was determined by enzymatic kit as described in
the Materials and Methods section. Data are expressed as the mean ± SEM (n = 4/group). Versus
chow: * p < 0.05, ** p < 0.01; versus HFHF + Bipro: # p < 0.05, ## p < 0.01. TNF-α: tumor necrosis
factor alpha; COX: cyclooxygenase; AP: activator protein; NF- κB: nuclear factor-kappa B; IκB:
inhibitor of kappa B; TLR4: toll-like receptor 4; NRF2: nuclear factor erythroid 2-related factor 2; GPx:
glutathione peroxidase.

To examine ER stress, we first determined the protein expression of PERK, ATF6 and
IRE1, each initiating a specific branch of the unfolded protein response (UPR). Western blot
analysis revealed invariant results for PERK and p-PERK (Figure 5A,B), but a significant
elevation of ATF6 and IRE1 in HFHF + Bipro distal colon tissue (Figure 5D,E). Although the
calculated p-PERK/PERK ratio followed the same trend, it was not significant (Figure 5C).
Similarly, raised protein expression of GRP78 was observed in the distal colon in response
to HFHF + Bipro feeding (Figure 5F). In turn, GMP exhibited a great ability to normalize
these ER parameters to the level of chow-fed mice, thereby reducing the heavy load on the
ER. Because ER stress can also activate apoptotic pathways, we focused on the status of the
pro-apoptotic BAX and the anti-apoptotic Bcl-2 proteins, which are key regulators of the
intrinsic apoptotic pathway. No marked variation was observed in the expression of BAX
or Bcl-2 following HFHF feeding or GMP treatment (Figure 5G,H).
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RNA-like ER kinase; ATF6: activating transcription factor 6; IRE1: inositol-requiring enzyme 1; 
GRP78: glucose-regulated protein 78; Bcl-2: B-cell lymphoma 2; BAX: Bcl2-associated X protein. 
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AKT/AKT ratio, reflecting a decline in insulin sensitivity in the distal colon of HFHF + 
Bipro-treated mice (Figure 6C). However, treatment with GMP led to an increase in the p-
AKT/AKT ratio, indicating the restoration of insulin sensitivity (Figure 6A–C). We also 
determined the protein levels of p38 MAPK and SAPK/JNK, which are greatly implicated 
in IR development. Although no differences were detected in total SAPK/JNK and p38 
MAPK total protein mass among the experimental groups (Figure 6E,H), the expression 
of their phosphorylated forms was significantly lessened by GMP (Figure 6D,G), leading 
to lower p-p38 MAPK/p38 MAPK and p-SAPK/SAPK ratios in the HFHF + GMP group 
(Figure 6F,I). Since p-p38 MAPK is known to phosphorylate ATF6 and lead to UPR in 
several pathophysiological models [45], the reduction in intestinal ER stress observed in 

Figure 5. Glycomacropeptide alleviated intestinal endoplasmic reticulum stress in high-fat, high-
fructose diet-treated animals. Protein expression of endoplasmic reticulum (ER) stress markers
(A) p-PERK, (B) PERK, (D) ATF6, (E) IRE1, (F) GRP78, (G) Bcl-2 and (H) BAX was assessed by
Western blot in the distal colon of mice and the (C) p-PERK/PERK ratio was calculated. p-PERK and
ATF6 proteins were assayed on the same membrane using their specific antibodies and shared the
same reference protein lamin. Data are expressed as the mean ± SEM (n = 4/group). Versus chow:
* p < 0.05, **** p < 0.0001; versus HFHF + Bipro: # p < 0.05, #### p < 0.0001. PERK: phospho protein
kinase RNA-like ER kinase; ATF6: activating transcription factor 6; IRE1: inositol-requiring enzyme
1; GRP78: glucose-regulated protein 78; Bcl-2: B-cell lymphoma 2; BAX: Bcl2-associated X protein.

3.5. Attenuation of Intestinal Insulin Resistance by GMP

Given the close association between inflammation, OxS, ER stress and IR, we deter-
mined the protein expression of AKT, a key protein involved in the insulin signalling
pathway. While no change was detected in the expression of total AKT (Figure 6B), its
phosphorylation was diminished by HFHF feeding (Figure 6A), which led to a reduced
p-AKT/AKT ratio, reflecting a decline in insulin sensitivity in the distal colon of HFHF +
Bipro-treated mice (Figure 6C). However, treatment with GMP led to an increase in the
p-AKT/AKT ratio, indicating the restoration of insulin sensitivity (Figure 6A–C). We also
determined the protein levels of p38 MAPK and SAPK/JNK, which are greatly implicated
in IR development. Although no differences were detected in total SAPK/JNK and p38
MAPK total protein mass among the experimental groups (Figure 6E,H), the expression
of their phosphorylated forms was significantly lessened by GMP (Figure 6D,G), leading
to lower p-p38 MAPK/p38 MAPK and p-SAPK/SAPK ratios in the HFHF + GMP group
(Figure 6F,I). Since p-p38 MAPK is known to phosphorylate ATF6 and lead to UPR in
several pathophysiological models [45], the reduction in intestinal ER stress observed in
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our study may be partly related to the reduction in the phosphorylation of p38 MAPK
by GMP.
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trinsic transcription factors that do not only regulate bile acid transport metabolism but 
also glucose and lipid metabolism. A trend toward higher BA production was observed 
in the HFHF diet-fed group compared to the chow-fed group, and a trend toward the 
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ences between groups (Figure 7B). We therefore examined the gene expression of far-
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Figure 6. Glycomacropeptide increases gut insulin sensitivity, modulates insulin signalling and down-
regulates mitogen-activated protein kinases. Protein expression of important biomarkers involved in
the insulin signalling cascade was determined by Western blot in mice colons: (A) phospho-AKT,
(B) AKT, (D) phospho p38-MAPK, (E) p38-MAPK, (G) phospho SAPK//JNK and (H) SAPK/JNK.
The ratios of (C) phospho AKT/AKT, (F) phospho p38-MAPK/p38-MAPK and (I) phospho SAPK-
JNK/SAPK-JNK were then calculated. AKT and p38 proteins were assayed on the same membrane
using their specific antibodies and shared the same reference protein β-actin. Results represent the
mean ± SEM (n = 4 /group). Versus chow: * p < 0.05, ** p < 0.01; versus HFHF + Bipro: # p < 0.05.
MAPK: mitogen-activated protein kinase; SAPK: stress-activated protein kinase; JNK: jun amino-
terminal kinase.

3.6. Bile Acid Metabolism Shift in Gut–Liver Axis in Response to GMP Administration

As bile acids (BAs) serve as critical signalling molecules connecting distant tissues via
blood circulation, particular attention has been devoted to the gut–liver axis and intrinsic
transcription factors that do not only regulate bile acid transport metabolism but also
glucose and lipid metabolism. A trend toward higher BA production was observed in the
HFHF diet-fed group compared to the chow-fed group, and a trend toward the restoration
of BA levels was observed with GMP supplementation (Figure 7A). Accordingly, we
observed some changes in specific categories of BA, but no significant differences between
groups (Figure 7B). We therefore examined the gene expression of farnesoid X receptor
(FXR), retinoid X receptor (RXR) and fibroblast growth factor 15 (FGF15) in the ileum,
which represents the major site of BA recycling. No significant changes were noted in
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FXR, whereas a marked upregulation was observed in RXR and FGF15 mRNA expression
in response to HFHF + Bipro treatment (Figure 7C–E). Interestingly, GMP reversed the
trend by preventing the HFHF diet-induced increase in RXR and FGF15. A completely
different profile of these key factors characterized the liver: a trend in the increase of
FXR gene expression and a decrease of RXR was observed whether in the presence of
HFHF + Bipro or HFHF + GMP (Figure 7F,G). Accordingly, an increasing trend was also
apparent in the gene expression of the FXR small heterodimer partner (SHP) in response to
GMP (Figure 7H). HFHF + Bipro mice showed lower levels of cholesterol 7α-hydroxylase
(CYP7A1), an enzyme that catalyzes the conversion of cholesterol into primary BA, while
HFHF + GMP mice displayed gene expression levels comparable to those of chow-fed mice
(Figure 7I).
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Figure 7. Impact of glycomacropeptide on bile acid metabolism in the gut–liver axis. (A) Bile acid
pool size and (B) composition were assessed in mice plasma as described in the Materials and
Methods section. Messenger RNA was extracted from the ileum and liver and gene expression of
(C,F) FXR, (D,G) RXR, (E) FGF15, (H) SHP and (I) CYP7A1 was determined by RT-qPCR, as described
in the Materials and Methods section. Results represent the mean ± SEM (n = 4–8/group). Versus
chow: * p < 0.05, *** p < 0.001; versus HFHF + Bipro: # p < 0.05, #### p < 0.0001. FXR: farnesoid
X receptor; RXR: retinoid X receptor; FGF15: fibroblast growth factor 15; SHP: small heterodimer
partner; CYP7A1: cholesterol 7α-hydroxylase.
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3.7. Impact of GMP on NAFLD

Since HFHF feeding promotes hepatic fat deposition and the development of NAFLD,
histopathology based on HPS and Masson’s trichrome staining as well as biochemical
analyses were performed to assess liver status. Liver pictures, histopathological HPS
and Masson’s trichrome staining demonstrated clear differences in lipid droplet size and
number between chow, HFHF + Bipro and HFHF + GMP animals (Figure 8 A–C). As a
matter of fact, the mean steatosis score was 4.75 for HFHF + Bipro compared to 2.33 for
the HFHF + GMP group (Figure 8D). Compared to chow-fed animals, HFHF diet-fed mice
displayed a higher inflammatory score that was substantially restrained by GMP treatment.
A combination of both indices to calculate the NAFLD index revealed a marked attenuation
of the score (5.25 versus 3) following treatment with GMP. Figure 8E details histological
parameters used in NAFLD scoring, including macrosteatosis, microsteatosis, inflammatory
loci and hepatocyte hypertrophy. It is noteworthy that a greater proportion of HFHF +
Bipro mice displayed scores of 2 and 3 when evaluated for micro and macrosteatosis,
whereas a majority of HFHF + GMP mice presented with scores of 1 or 2, suggesting less
severe fat deposition.
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GMP were taken. After fixation and embedding (parafilm), the hepatic tissues were either stained
with (B) HPS or (C) Masson’s trichrome and representative histological images were taken (HPS:
magnification× 630, scale bar = 100 µm; trichrome: magnification× 200, scale bar= 100 µm). Based
on these images, (D) steatosis, inflammatory and NAFLD scores were calculated. (E) The graphs
summarize the severity of macrosteatosis, microsteatosis, inflammatory loci and hypertrophy in each
group based on Liang’s scoring system. (F) Triglycerides, (G) total cholesterol and (H) phospholipid
content in the liver were quantified as described in the Materials and Methods section. (I) Then, the
phospholipid/cholesterol ratio was calculated. Results represent the mean ± SEM (n = 4/group).
Versus chow: * p < 0.05, **** p < 0.0001; versus HFHF + Bipro: # p < 0.05, ## p < 0.01, ### p < 0.001.
HPS: hematoxylin-phloxin saffron; NAFLD: nonalcoholic fatty liver disease; PL: phospholipid.

Biochemical measurements of liver TG and TC concentrations revealed a significant
effect of GMP on hepatic TG and TC content (Figure 8F,G). Given the importance of
phospholipid content to maintain cell membrane fluidity, we assessed its levels in the liver.
Total phospholipid concentrations did not significantly differ between groups (Figure 8H),
but the phospholipid/cholesterol ratio was significantly higher in the HFHF + GMP group
compared to the HFHF + Bipro group (Figure 8I), suggesting a beneficial effect of GMP
treatment on hepatic membrane fluidity. In line with the alleviation of hepatic steatosis,
GMP animals exhibited lower concentrations of total, saturated, mono-unsaturated, n-7
and n-9 fatty acids compared to Bipro animals. Accordingly, we estimated the activity
of SCD1-∆9, as well as the lipogenesis index, respectively, by comparing the ratios of
18:1(n-9)/18:0 and C16:0/C18:2 (n-6), and found that both were reduced in the GMP group
(Supplementary Data, Table S6).

3.8. GMP Attenuates Hepatic Inflammation and OxS

Similar to what was observed in the distal colon, GMP strongly attenuated inflamma-
tion in the liver, as evidenced by reduced protein expression levels of TNF-α, COX-2, AP-1
and NF-κB (Figure 9A–D). The calculation of the NF-κB/IκB ratio using NF-κB and IκB
protein expression results confirmed this trend (Figure 9D–F). As for OxS status in the liver,
HFHF + Bipro feeding increased GPx activity, while GMP supplementation restored it to
chow-fed mice levels (Figure 9G). Following the same trend as GPx activity, Western blot-
ting revealed a strong activation of NRF2 by HFHF + Bipro feeding, which was neutralized
by GMP supplementation (Figure 9H).

3.9. Regulation of ER Stress and Apoptosis in the Liver by GMP

As ER stress plays a key role in the pathogenesis of NAFLD, liver protein expression
of PERK, ATF6 and IRE1 was evaluated by Western blot (Figure 10B–D). The protein
expression of GRP78 and GRP94, two major chaperones involved in the initiation of UPR
in the liver, was also assessed (Figure 10E,F). HFHF + Bipro feeding resulted in a reduction
of PERK and IRE1, as well as their main chaperone GRP78 (Figure 10B,D,F), while no
change was detected in ATF6 or GRP94 protein expression (Figure 10C,E). Compared to
HFHF + Bipro-fed mice, GMP-supplemented mice displayed increased levels of p-PERK
(Figure 10A) and reduced levels of ATF6 (Figure 10C).

Thereafter, we measured Bcl-2 and BAX protein expression. Bcl-2 was reduced while
BAX expression was increased in HFHF livers, pointing toward the presence of apoptosis.
But, more importantly, Bcl-2 and BAX protein concentrations were normalized by GMP
supplementation.
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Figure 9. Glycomacropeptide reduced hepatic inflammation and oxidative stress. Protein expression
of key inflammation and antioxidant defence biomarkers were evaluated in mouse livers by Western
blot: (A) TNF-α, (B) COX- 2, (C) AP-1, (D) NF-κB, (E) IκB and (H) NRF2, as described in the
Materials and Methods section. The NF-κB/IκB ratio was then calculated (F). COX-2 (Figure 9B) and
SAPK/JNK (Figure 11E) proteins were assayed on the same membrane using their specific antibodies
and shared the same reference protein GAPDH. (G) GPx activity was determined by enzymatic
kit. Data are expressed as the mean ± SEM (n = 4–8/group). Versus chow: * p < 0.05, ** p < 0.01;
versus HFHF + Bipro: # p < 0.05, ## p < 0.01, #### p < 0.0001. TNF-α: tumour necrosis factor alpha;
COX: cyclooxygenase; AP: activator protein; NF-κB: nuclear factor-kappa B; IκB: inhibitor of kappa B;
NRF2: nuclear factor erythroid 2-related factor 2; GPx: glutathione peroxidase.
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lower p-p38 MAPK/p38 MAPK and p-SAPK/SAPK ratios (Figure 11C,F). 

Figure 10. Glycomacropeptide did not prevent endoplasmic reticulum stress in the liver but averted
its transition into apoptosis. Protein expression of endoplasmic reticulum (ER) stress markers
(A) p-PERK, (B) PERK, (C) ATF6, (D) IRE1, (E) GRP94, (F) GRP78, (G) Bcl-2 and (H) BAX was
assessed by Western blot in hepatic tissues. p-PERK and IRE1; PERK and GRP94; ATF6, GRP78 and
p38 (Figure 11B), respectively, were assayed on the same membrane using their specific antibodies and
shared the same reference protein GAPDH. Data are expressed as the mean ± SEM (n = 4–8/group).
Versus chow: * p < 0.05, ** p < 0.01, *** p < 0.001; versus HFHF + Bipro: # p < 0.05, ## p < 0.01. PERK:
phospho protein kinase RNA-like ER kinase; ATF6: activating transcription factor 6; IRE1: inositol-
requiring enzyme 1; GRP: glucose-regulated protein; Bcl-2: B-cell lymphoma 2; BAX: Bcl2-associated
X protein.
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Figure 11. Modulation of insulin signalling in high-fat, high-fructose diet-fed mice livers by glyco-
macropeptide. Protein expression of major biomarkers involved in insulin signalling cascade was
determined by Western blot in mice livers: (A) phospho p38-MAPK, (B) p38-MAPK, (D) phospho
SAPK/JNK and (E) SAPK/JNK. The ratios of (C) phospho p38-MAPK/p38-MAPK and (F) phospho
SAPK-JNK/SAPK-JNK were then calculated. Results represent the mean ± SEM (n = 4–8/group).
Versus chow: ** p < 0.01, *** p < 0.001; versus HFHF + Bipro: # p < 0.05, ## p < 0.01. MAPK: mitogen-
activated protein kinase; SAPK: stress-activated protein kinase; JNK: jun amino-terminal kinase.

3.10. Modulation of Insulin Signalling Cascade by GMP in the Liver

We next investigated the modulation of several actors known to influence the in-
sulin signalling cascade. As MAPK activity strongly affects insulin sensitivity, especially
p38 MAPK and SAPK/JNK, we investigated their protein expression. While no differ-
ence was detected in total SAPK/JNK or p38 MAPK protein expression between groups
(Figure 11B,E), their phosphorylation status was lessened by GMP (Figure 11A,D), leading
to lower p-p38 MAPK/p38 MAPK and p-SAPK/SAPK ratios (Figure 11C,F).

3.11. HFHF Diet Dramatically Impacts Microbiota Composition, While GMP Has Subtle Effects
on Microbial Composition

As the microbiota has been implicated in the deleterious impacts of MetS and is
closely related to the various immunological processes that we observed to be impacted by
HFHF feeding, we also characterized how it was impacted by GMP supplementation. The
microbiotas from the chow, HFHF + Bipro and HFHF + GMP groups were indistinguishable
at T0 when assessed using the weighted Unifrac distance (Supplementary Data, Table S3);
however, the HFHF mice rapidly diverged from chow as the diet progressed (Figure 12A).
Overall, the HFHF + Bipro and HFHF + GMP mice did not display overt differences in
overall microbiota composition at any of the time points sampled (Figure 12B).
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cance. 
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Figure 12. A high-fat, high-fructose diet dramatically shifted the microbiota composition over time
regardless of glycomacropeptide supplementation. Principal coordinate analyses using the weighted
Unifrac distance for all mouse stool samples (A) and the GMP/Bipro-fed mice at each sampling
week (B). Ellipses represent the 95% confidence intervals for each group.

As expected, HFHF diet administration resulted in an overall reduction in species
richness compared to the chow diet as species richness increased over time in the chow
group (Figure 13). There was a trend for the HFHF + GMP mice to have lower richness
compared to the HFHF + Bipro group, but this was only significant at week 6.
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Figure 13. High-fat, high-fructose diet led to reduced species richness regardless of glycomacropep-
tide supplementation. Chao1 index between feeding groups at each sampling time point (A) and
over time (B). Boxplots (A) show the interquartile range, with the median represented as a line.
Changes over time (B) are represented as LOWESS fits to the data, with shaded regions denoting 95%
confidence intervals. p < 0.5 *, 0.01 ** and 0.001 *** (note: only significant associations are plotted).

In contrast, there were no differences in species evenness over time (Supplementary
Data, Figure S3). Similar trends were observed in the cecal samples, with a clear separation
between the chow and HFHF mice but not between the HFHF + Bipro and HFHF + GMP
themselves, as well as an overall reduction in species richness (Supplementary Data, Figure
S4). There was also a trend for lower species richness in the HFHF + GMP mice compared
to both the chow and HFHF + Bipro mice, but this did not reach statistical significance.

We next focused our analyses on identifying specific amplicon sequence variants
(ASVs) that were differentially abundant between the HFHF + Bipro and HFHF + GMP
mice to identify those that may be involved in modulating the differences seen between
their host mice. Few ASVs were identified when simply assessing the final stool samples
and cecal microbiotas (Supplementary Data, Table S4). However, we were able to identify
several ASVs that showed differential abundance over time (Figure 14), with specific
enrichment in either the HFHF + Bipro or HFHF + GMP groups (Supplementary Data,
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Table S5). In particular, there were numerous Lachnospiraceae family members that showed
different tendencies to be enriched in either the HFHF + Bipro or HFHF + GMP groups.
We also tested whether there were predicted functional differences between the groups
either over time or at the end of the dietary intervention. However, we did not find any
significant COG/KEGG/EC terms that appeared to differ in their predicted abundance
based on 16S profiles.
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Figure 14. Glycomacropeptide had differing impacts on microbial abundance over time. Selected
amplicon sequence variants (ASVs) identified as having differential abundance patterns over time.
ASVs are shown with their lowest taxonomic annotation. ASV relative abundance was log10-
transformed, with a pseudocount added as required. Points represent each sample, with lines
representing LOWESS fits and shaded regions denoting 95% confidence intervals. Bars along the
x-axis highlight the time spans identified as showing different abundance patterns, with the colour
representing which group was enriched for each time period.



Nutrients 2024, 16, 871 22 of 29

As the microbiome can impact SCFA concentrations in the gut, we also assessed the
levels of various SCFAs prior to and at the end of the intervention. There were no differences
between the SCFAs in the mice groups prior to the dietary intervention (Supplementary
Data, Figure S5). The chow mice showed minimal differences in their SCFAs over time,
with only an increase in acetic acid noted at the end of the study. In contrast, both the
HFHF + Bipro and HFHF + GMP mice showed increases in 2-methyl butyric and isovaleric
acid, with the HFHF + GMP mice also showing a trend for increased isobutyric acid. There
was a decrease in the levels of butyric acid between the chow and HFHF + Bipro mice,
with no statistical difference between the chow and HFHF + GMP mice, although this
could have been due to the increased variance seen in butyric acid levels in these animals
(Supplementary Data, Figure S5).

4. Discussion

Milk-derived peptides are gaining more and more popularity. The great interest of
the scientific and medical community in these nutrients is explained by their potential to
serve as natural alternatives to prevent and treat complex diseases. Bioactive milk proteins
tend to have fewer adverse effects than pharmacological agents and are endowed with
beneficial biological activities. This is precisely the case with GMP, considered to be one of
the most promising bioactive milk molecules. Our recent study highlighted the protective
effects of GMP in the context of Western diet consumption, including IR and hepatic
metabolic disturbances in mice [13]. The aim of the present work was to further investigate
the regulatory role and mechanisms of action of GMP in MetS. Collectively, our findings
demonstrate the ability of GMP to combat obesity, counteract hyperglycemia and IR (by
reducing OxS, inflammation and ER stress), alleviate liver steatosis (by downregulating
TG and TC levels and modulating fatty acids profile), attenuate intestinal epithelial barrier
dysfunction (by improving tight junction protein expression), and improve gut–liver axis
homeostasis.

To increase the likelihood of drawing clear, reliable and generalizable conclusions from
the present study, we strengthened the experimental conditions compared with the previous
animal protocol [13]. The robust experimental design that was implemented included the
addition of fructose to the drinking water to amplify the MetS, allowing the marked effect
of GMP to be scrutinized. On the other hand, Bipro (an isocaloric control containing the
same amino acids as GMP, but in a random order) was added to the HFHF group to better
balance the caloric intake of GMP. The GMP dose of 200 mg/kg/day was selected based on
previous metabolic studies of the effects of GMP in mice and rats [26,46–48].

Our first observation was that GMP played a critical role in controlling energy
metabolism as it reduced weight gain by limiting adipocyte accretion during several
weeks of hyperconsumption of a calorie-dense diet. The resulting reduction in weight gain
underlines the potential of GMP to fight obesity, a major component of MetS [49,50]. This re-
duction in body weight gain is likely mediated by small reductions in perirenal, epididymal
and mesenteric adipose tissue weights; however, a body composition analysis by dual X-ray
absorptiometry scan would be required to draw conclusions. The higher proportion of
small adipocytes and lower fraction of large adipocytes found in GMP-treated animals sug-
gest restricted hypertrophy, which is in line with a recent study highlighting the inhibition
of preadipocyte proliferation, differentiation and lipid accumulation by GMP [51]. Since
obesity contributes to the onset of type 2 diabetes, NAFLD and atherosclerosis, reducing its
extent with GMP may prove useful in slowing down these metabolic complications.

As expected, excess calories from refined carbohydrates and sugars caused elevated
blood glucose and insulin levels, suggestive of IR in our animal model. The calculation
of the HOMA-IR index confirmed this hypothesis. However, GMP supplementation sig-
nificantly limited hyperglycemia and hyperinsulinemia, suggesting that these animals
were better able to respond to insulin signals and more effectively control carbohydrate
metabolism. With obesity, IR represents the most important trigger of MetS, thereby reveal-
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ing the importance of GMP in improving tissue insulin sensitivity, decreasing adipogenesis
and avoiding metabolic complications.

Given the ability of GMP to reduce IR, the next step was to investigate the underlying
mechanisms of action. Inflammation represents one of the main predisposing factors for
IR as low-grade inflammation interferes with insulin signalling through the release of
inflammatory agents, including cytokines and adipokines by adipocytes and immune
cells [52]. For example, TNF-α induces IR by triggering the NF-κB pathway [26,45,46] and
activating JNK [47], impairing IRS-1 and Akt phosphorylation [53], which translates the
insulin signal. Our hypothesis was confirmed as GMP was found to attenuate the elevation
of cytokine concentrations (MCP-1 and TNF-α) associated with HFHF, in parallel with a
decrease in the HOMA-IR index. Therefore, one of the mechanisms by which GMP may
reduce IR may be by attenuating overall inflammation. Noteworthily, one of the pathways
targeted by GMP to reduce IR could be through the reduction of adipose tissue, the size of
which is generally correlated with inflammatory factors, IR and metabolic dysfunction [52].
Accordingly, GMP supplementation caused a trend toward increased levels of adiponectin,
a key anti-inflammatory adipokine.

In our previous study, we showed that the plasma levels of LPS, a product of gut
bacteria, were elevated in response to a high-fat, high-sucrose diet, suggesting a leaky gut
barrier [17]. However, GMP supplementation prevented metabolic endotoxemia and its
related complications. An important question we wanted to answer in the present work
was concerning the influence of GMP on the gut–liver axis under MetS conditions, given
their known bidirectional interaction and communication linked to gut barrier permeability,
endotoxemia and bile acid metabolism. By targeting the gut first, our findings demonstrate
GMP’s ability to significantly reduce OxS (Nrf2), inflammation (TNF-α, COX-2, NF- κB/IκB
ratio, AP-1), endotoxemia (TLR4), ER stress (p-PERK, ATF6, IRE1, GRP78) and local IR
(p-Akt/Akt, p-p38/p38, p-SAPK/SAPK). In the second step, we were able to observe a
similar GMP-mediated improvement in the liver regarding OxS (GPx, Nrf2), inflammation
(TNF-α, COX-2, NF-κB/IκB ratio, AP-1), apoptosis (Bcl2, BAX) and local IR (p-p38/p38,
p-SAPK/SAPK). It is likely that GMP acts on certain tight junction proteins (e.g., claudin)
to limit intestinal barrier permeability, LPS leakage and metabolic endotoxemia, thereby
restoring the liver’s ability to fight inflammation, OxS, LPS detoxification and steatosis.

In addition, GMP showed a great ability to limit ER stress, which has been highly
implicated in the pathogenesis of diverse chronic diseases, including MetS [54]. It is
well established that cells subjected to a multitude of ER stressors (e.g., environmental
pathogens, inflammation and OxS) accumulate misfolded proteins within the ER lumen [55].
This stockpile activates the UPR, which consists of three main branches governed by
the biosensors PERK, ATF6 and IRE1. The signalling cascade takes place when GRP78
dissociates from ER transmembrane transcription factors to bind to misfolded proteins,
thereby activating all three UPR branches. In the gut, an HFHF diet raised ATF6, IRE1 and
GRP78 without altering PERK protein expression levels. This is in line with previous studies
showing that specific components of a high-fat diet such as palmitic acid induce ER stress in
epithelial cells, which disturbs gut homeostasis and barrier integrity [56,57]. Noteworthily,
GMP downregulated HFHF diet-induced ER stress marker protein expression to control
levels, suggesting a reduced accumulation of misfolded proteins. The efficacy of GMP in
depressing IRE1 is of paramount importance because this transcription factor, through
its kinase activity, is capable of activating JNK and IκB, which, in turn, induce AP- 1 and
NF-κB, key regulators of the inflammatory response [58]. As the activation of inflammatory
signalling pathways blocks insulin action, GMP’s ability to lessen IRE1 probably mediates
some of the benefits observed for insulin sensitivity in our study. On the other hand,
HFHF feeding-induced obesity and NAFLD are also associated with ER stress in the
liver [59]. In the present study, we found that the livers of HFHF diet-fed animals had
reduced levels of PERK, IRE1 and GRP78, while no change was noted in GRP94 (the
equivalent of GRP78 in the liver) or ATF6 protein expression. GMP supplementation did
not result in the modulation of liver ER stress markers, except for phosphorylation levels
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of PERK. The explanation for this apparent discordance may lie in the evolution of the
UPR response, which varies with the nature and intensity of ER stress [60]. Indeed, as
in any stress pathway, the initial cellular response aims to promote adaptation to acute
ER stress by activating the UPR pathway; however, if the stress becomes chronic, the
UPR response will be inhibited and evolve toward apoptosis [61]. In this sense, there is
increasing evidence that metabolic disorders such as NAFLD represent conditions causing
chronic stress, leading to the failure of the ER stress response [62]. For example, Sasako et al.
demonstrated that in obese diabetic mice, there is decreased expression of the chaperones
GRP78/BiP and the transcription factor XBP1, normally activated by IRE1 [63]. This failure
of the ER stress pathway is associated with a decline in adaptive responses including the
activation of chaperones and an increase in proteins involved in apoptosis such as CHOP,
caspases, BAX, BAK and Bcl-2 [61,62]. Accordingly, we found increased BAX and reduced
Bcl-2 protein levels in HFHF + Bipro mice livers, whereas this was not the case in the gut.
Because HFHF + GMP mice had similar protein levels of BAX and Bcl-2 as chow-fed mice,
we hypothesize that GMP limited the progression of a failed UPR response, consistent with
the improvement in overall liver health observed in GMP-treated mice. To validate these
findings and further our understanding of hepatic ER stress during HFHF feeding, future
investigations should evaluate the protein expression of additional major transcription
factors involved in the UPR response such as ATF4 and XBP1.

Indeed, GMP improved overall liver health, as evidenced by lower NAFLD scores and
TG and TC levels and the modulation of fatty acids profiles. Importantly, GMP animals
exhibited lower concentrations of total, saturated, mono-unsaturated, n-7 and n-9 fatty acids
compared to Bipro animals. Accordingly, the activity of SCD1-∆9 as well as the lipogenesis
index were found to be reduced in the GMP group. In the literature, it was reported
that SCD1 gene knockout mice were thinner and did not experience as much weight
gain as control mice when subjected to a high-fat diet or when leptin-deficient [64]. This
effect seems to be mediated by several mechanisms, including decreased lipid synthesis,
increased beta oxidation, thermogenesis or insulin sensitivity in the liver [64], which is in
agreement with the current and our previous findings [13].

The next question was whether other factors, including gut microbiota, SCFAs and
bile acids, intervene upstream in response to GMP to promote gut–liver axis integrity
and normalize metabolic derangements. As expected, HFHF feeding resulted in notable
changes in the microbiome composition and SCFA production compared to chow-fed
mice, but there were no overt differences between the HFHF + GMP and HFHF + Bipro
groups. Accordingly, we observed only subtle changes in bile acid metabolism and bile
acid metabolism-related genes in response to GMP treatment. Although some studies have
highlighted the potential of GMP to improve gut dysbiosis [26,65], others have reported
no beneficial effects of GMP on gut microbiota composition or SCFA synthesis [23,66–68].
For example, in a mouse model “humanized” with human fecal microbiota, GMP showed
no overall advantage over a lactose-free control on microbiota diversity maintenance or
prebiotic activity [68]. Similarly, in a cohort of healthy adults, Wernlund et al. showed
that 4-week GMP supplementation did not result in significant change in gut microbiota
composition in comparison with control skim milk supplementation [67]. We hypothesize
that given the fact that GMP is absorbed intact by the host, there may be limited amounts
reaching the microbiota in the lower intestine and, thus, the microbiome would be primarily
impacted by the excess dietary fat/sugar and not by GMP intervention itself. Nonetheless,
we were able to identify several members of the family Lachnospiraceae as showing
different enrichment patterns based on the feeding of GMP. Lachnospiraceae is a diverse
family that contains members that have been previously associated with either protection
or the development of obesity [69–71]. This could be due to their varied ability to use
different carbon sources and produce downstream effectors such as SCFAs. Indeed, while
we noted an overall increase in the amount of 2-methyl butyric acid and isovaleric acid
in HFHF diet-fed animals, there were no differences seen between the HFHF + GMP
and HFHF + Bipro groups. Lachnospiraceae’s high gene content diversity may have
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also contributed to our inability to detect differences in the functional pathways inferred
from 16S amplicon sequencing data as these were the predominant taxa found to be
differentially abundant [71]. More direct measurements of microbial function such as
metatranscriptomics or metaproteomics may be required to unravel the impact that the
microbiota may be playing during GMP administration.

Nonetheless, our results suggest that the microbiota may play a secondary role com-
pared to GMP’s direct impacts on host physiology. This could actually improve the potential
translatability of GMP into widespread human clinical use. Previous attempts at translating
dietary-based interventions that rely on manipulating the microbiome have had mixed suc-
cess, likely due to the heterogeneity seen between human microbiotas, resulting in unequal
microbial responses to any single compound [72,73]. If GMP can exert its beneficial effects
in a largely microbiota-independent manner, the potential confounding caused by microbial
heterogeneity between patients could be avoided and allow for a wider population to be
targeted for treatment.

Few prior studies have documented the ability of GMP to target all components of
MetS and, to our knowledge, none have explored its mechanisms of action in the gut–
liver axis. Therefore, our research represents a significant contribution to advancing the
understanding of the bioactive effects of this peptide on metabolic health. However, our
study also encountered certain limitations, notably, the exclusive use of male animals. We
opted for male mice primarily because female mice typically exhibit resistance to diet-
induced obesity models [74,75]. Although females tend to gain more weight than males on
a high-fat diet, they do not typically develop IR or systemic inflammation [75]. Since these
metabolic dysregulations are integral to MetS, it was crucial for the animals to manifest
these traits to evaluate the potential preventive role of GMP supplementation. Nevertheless,
selecting only male subjects for our animal experiment carries several limitations. Given the
sexual dimorphism observed in various components of MetS and the increasing evidence
of differences in drug responses between males and females, validating our findings in
female subjects in subsequent studies will be imperative to ensure their generalizability.

5. Conclusions

In summary, our findings underscore the potential of the natural bioactive compound
GMP to ameliorate metabolic health in a diet-induced MetS mouse model. Specifically, GMP
supplementation led to notable improvements in intestinal and hepatic homeostasis by
mitigating inflammation, OxS and ER stress through the regulation of potent transcription
factors. While the beneficial effects of GMP do not seem to involve mechanisms driven by
the gut microbiota, we hypothesize that the peptide’s actions stem from direct interaction
with various receptors within the gut or post-absorption. Although previous studies have
suggested that GMP is predominantly found in circulation, recent research has revealed
that a significant portion of GMP is degraded into smaller peptides of 11 to 20 amino
acids within 1 to 3 h post-consumption [76]. This finding raises the possibility that the
peptide’s effects may be primarily mediated by its interaction with various receptors directly
within the gut rather than following absorption into circulation. Further investigations are
warranted to elucidate the primary mode of action of the peptide.

Supplementary Materials: The following supporting information can be downloaded at https:
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diet led to reduced species richness regardless of glycomacropeptide supplementation and distinct
microbiotas compared to chow in the cecum; Figure S5. High-fat, high-fructose diet led to increased
levels of specific SCFAs regardless of glycomacropeptide supplementation; Table S1. List of primers
used for RT-qPCR analysis; Table S2. List of primary antibodies and dilution used for Western blot
analysis; Table S3: PERMANOVA results from various mouse groupings; Table S4: Differentially
abundant taxa based on single timepoint; Table S5: Differentially abundant taxa over time; Table S6.
Hepatic fatty acid profile was profoundly modulated by glycomacropeptide administration.

https://www.mdpi.com/article/10.3390/nu16060871/s1
https://www.mdpi.com/article/10.3390/nu16060871/s1


Nutrients 2024, 16, 871 26 of 29

Author Contributions: Conceptualization, E.L.; methodology, E.L. and M.F.S.; software, M.F.S.;
validation, M.F.S., F.F., M.K., J.B. and A.T.S.; formal analysis, M.F.S., N.P. and J.B.; investigation,
M.F.S.; resources, E.L.; data curation, M.F.S.; writing—original draft preparation, M.F.S. and E.L.;
writing—review and editing, M.F.S., J.B, A.S., V.M., S.S. and E.L.; visualization, H.D., D.F. and E.L.;
supervision, E.L.; project administration, E.L.; funding acquisition, E.L. All authors have read and
agreed to the published version of the manuscript.

Funding: The current work was supported by research grants from the Dairy Farmers of Canada
(E8497) (E.L.); JA deSève Research Chair in nutrition (E.L.); the Government of Canada through
Genome Canada, the Ontario Genomics Institute (OGI-149) (A.S., D.F) and the Ontario Ministry of
Economic Development and Innovation (Project 13440) (E.L., A.S.); and the Fonds de Recherche du
Québec en Santé doctoral scholarship (M.F.S.). A.S. is funded by the Canadian Institutes of Health
Research (ECD-144627). The microbiota analyses presented herein were enabled in part by Compute
Ontario and the Digital Research Alliance of Canada.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Research Centre/CHU Sainte-Justine (protocol code 741 and date of approval, 29
August 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the findings of this study are available within the
paper and its Supplementary Information.

Acknowledgments: The authors thank A. Rao and P. Ponce (Agropur Dairy Cooperative, Eden
Prairie, MN, USA) for providing us with GMP and Bipro. We would also like to acknowledge Li
Zhang for performing the metagenomic DNA extractions and constructing the 16S amplicon libraries.

Conflicts of Interest: A.S. and D.F. cofounded MedBiome, a clinical microbiomics company. The
other authors declare no conflicts of interest.

References
1. Noubiap, J.J.; Nansseu, J.R.; Lontchi-Yimagou, E.; Nkeck, J.R.; Nyaga, U.F.; Ngouo, A.T.; Tounouga, D.N.; Tianyi, F.L.; Foka, A.J.;

Ndoadoumgue, A.L.; et al. Geographic distribution of metabolic syndrome and its components in the general adult pop-ulation:
A meta-analysis of global data from 28 million individuals. Diabetes Res. Clin. Pract. 2022, 188, 109924. [CrossRef]

2. Saklayen, M.G. The global epidemic of the metabolic syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [CrossRef] [PubMed]
3. Mendrick, D.L.; Diehl, A.M.; Topor, L.S.; Dietert, R.R.; Will, Y.; La Merrill, M.A.; Bouret, S.; Varma, V.; Hastings, K.L.; Schug,

T.T.; et al. Metabolic syndrome and associated diseases: From the bench to the clinic. Toxicol. Sci. 2018, 162, 36–42. [CrossRef]
[PubMed]

4. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease—Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef]

5. Lillich, F.F.; Imig, J.D.; Proschak, E. Multi-target approaches in metabolic syndrome. Front. Pharmacol. 2021, 11, 554961. [CrossRef]
6. Mierziak, J.; Kostyn, K.; Boba, A.; Czemplik, M.; Kulma, A.; Wojtasik, W. Influence of the bioactive diet components on the gene

expression regulation. Nutrients 2021, 13, 3673. [CrossRef]
7. Pandita, D.; Pandita, A. Omics Technology for the Promotion of Nutraceuticals and Functional Foods. Front. Physiol. 2022, 13,

817247. [CrossRef]
8. Samtiya, M.; Samtiya, S.; Badgujar, P.C.; Puniya, A.K.; Dhewa, T.; Aluko, R.E. Health-Promoting and Therapeutic Attributes of

Milk-Derived Bioactive Peptides. Nutrients 2022, 14, 3001. [CrossRef] [PubMed]
9. Mohanty, D.; Mohapatra, S.; Misra, S.; Sahu, P. Milk derived bioactive peptides and their impact on human health—A review.

Saudi J. Biol. Sci. 2016, 23, 577–583. [CrossRef]
10. Singh, K.S.; Singh, B.P.; Rokana, N.; Singh, N.; Kaur, J.; Singh, A.; Panwar, H. Bio-therapeutics from human milk: Prospects and

perspectives. J. Appl. Microbiol. 2021, 131, 2669–2687. [CrossRef]
11. Nielsen, S.D.-H.; Liang, N.; Rathish, H.; Kim, B.J.; Lueangsakulthai, J.; Koh, J.; Qu, Y.; Schulz, H.-J.; Dallas, D.C. Bioactive milk

peptides: An updated comprehensive overview and database. Crit. Rev. Food Sci. Nutr. 2023, 1–20. [CrossRef] [PubMed]
12. Foisy-Sauvé, M.; Ahmarani, L.; Delvin, E.; Sané, A.T.; Spahis, S.; Levy, E. Glycomacropeptide Prevents Iron/Ascorbate-Induced

Oxidative Stress, Inflammation and Insulin Sensitivity with an Impact on Lipoprotein Production in Intestinal Caco-2/15 Cells.
Nutrients 2020, 12, 1175. [CrossRef] [PubMed]

13. Sauvé, M.F.; Feldman, F.; Koudoufio, M.; Ould-Chikh, N.-E.-H.; Ahmarani, L.; Sane, A.; N’timbane, T.; El-Jalbout, R.; Patey, N.;
Spahis, S.; et al. Glycomacropeptide for Management of Insulin Resistance and Liver Metabolic Perturbations. Biomedicines 2021,
9, 1140. [CrossRef] [PubMed]

14. Fändriks, L. Roles of the gut in the metabolic syndrome: An overview. J. Intern. Med. 2017, 281, 319–336. [CrossRef] [PubMed]

https://doi.org/10.1016/j.diabres.2022.109924
https://doi.org/10.1007/s11906-018-0812-z
https://www.ncbi.nlm.nih.gov/pubmed/29480368
https://doi.org/10.1093/toxsci/kfx233
https://www.ncbi.nlm.nih.gov/pubmed/29106690
https://doi.org/10.1002/hep.28431
https://doi.org/10.3389/fphar.2020.554961
https://doi.org/10.3390/nu13113673
https://doi.org/10.3389/fphys.2022.817247
https://doi.org/10.3390/nu14153001
https://www.ncbi.nlm.nih.gov/pubmed/35893855
https://doi.org/10.1016/j.sjbs.2015.06.005
https://doi.org/10.1111/jam.15078
https://doi.org/10.1080/10408398.2023.2240396
https://www.ncbi.nlm.nih.gov/pubmed/37504497
https://doi.org/10.3390/nu12041175
https://www.ncbi.nlm.nih.gov/pubmed/32331475
https://doi.org/10.3390/biomedicines9091140
https://www.ncbi.nlm.nih.gov/pubmed/34572325
https://doi.org/10.1111/joim.12584
https://www.ncbi.nlm.nih.gov/pubmed/27991713


Nutrients 2024, 16, 871 27 of 29

15. Rodríguez-Daza, M.C.; Daoust, L.; Boutkrabt, L.; Pilon, G.; Varin, T.; Dudonné, S.; Levy, É.; Marette, A.; Roy, D.; Desjardins,
Y. Wild blueberry proanthocyanidins shape distinct gut microbiota profile and influence glucose homeostasis and intestinal
phenotypes in high-fat high-sucrose fed mice. Sci. Rep. 2020, 10, 2217. [CrossRef]

16. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [CrossRef]

17. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota control
metabolic endotoxemia-induced inflammation in high-fat diet–induced obesity and diabetes in mice. Diabetes 2008, 57, 1470–1481.
[CrossRef]

18. Marzullo, P.; Di Renzo, L.; Pugliese, G.; De Siena, M.; Barrea, L.; Muscogiuri, G.; Colao, A.; Savastano, S.; Obesity Programs of
nutrition, Education, Research and Assessment (OPERA) Group. From obesity through gut microbiota to cardiovascular diseases:
A dangerous journey. Int. J. Obes. Suppl. 2020, 10, 35–49. [CrossRef]

19. Wang, P.-X.; Deng, X.-R.; Zhang, C.-H.; Yuan, H.-J. Gut microbiota and metabolic syndrome. Chin. Med. J. 2020, 133, 808–816.
[CrossRef]

20. Gao, Z.; Yin, J.; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate improves insulin sensitivity and
increases energy expenditure in mice. Diabetes 2009, 58, 1509–1517. [CrossRef]

21. Den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.-J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef]

22. Heimann, E.; Nyman, M.; Pålbrink, A.-K.; Lindkvist-Petersson, K.; Degerman, E. Branched short-chain fatty acids modulate
glucose and lipid metabolism in primary adipocytes. Adipocyte 2016, 5, 359–368. [CrossRef]

23. Brück, W.M.; Redgrave, M.; Tuohy, K.M.; Lönnerdal, B.; Graverholt, G.; Hernell, O.; Gibson, G.R. Effects of bovine α-lactalbumin
and casein glycomacropeptide–enriched infant formulae on faecal microbiota in healthy term infants. J. Pediatr. Gastroenterol.
Nutr. 2006, 43, 673–679. [CrossRef]

24. Chabance, B.; Marteau, P.; Rambaud, J.; Migliore-Samour, D.; Boynard, M.; Perrotin, P.; Guillet, R.; Jollès, P.; Fiat, A. Casein
peptide release and passage to the blood in humans during digestion of milk or yogurt. Biochimie 1998, 80, 155–165. [CrossRef]

25. O’Riordan, N.; Kane, M.; Joshi, L.; Hickey, R.M. Structural and functional characteristics of bovine milk protein glycosylation.
Glycobiology 2014, 24, 220–236. [CrossRef]

26. Yuan, Q.; Zhan, B.; Chang, R.; Du, M.; Mao, X. Antidiabetic effect of casein glycomacropeptide hydrolysates on high-fat diet and
STZ-induced diabetic mice via regulating insulin signaling in skeletal muscle and modulating gut microbiota. Nutrients 2020, 12,
220. [CrossRef] [PubMed]

27. Zhang, Y.; Liu, C.; Barbier, O.; Smalling, R.; Tsuchiya, H.; Lee, S.; Delker, D.; Zou, A.; Hagedorn, C.H.; Wang, L. Bcl2 is a critical
regulator of bile acid homeostasis by dictating Shp and lncRNA H19 function. Sci. Rep. 2016, 6, 20559. [CrossRef] [PubMed]

28. Bartlett, G.R. Phosphorus assay in column chromatography. J. Biol. Chem. 1959, 234, 466–468. [CrossRef] [PubMed]
29. Auclair, N.; Sané, A.T.; Ahmarani, L.; Ould-Chikh, N.-E.; Patey, N.; Beaulieu, J.-F.; Delvin, E.; Spahis, S.; Levy, E. High-fat diet

reveals the impact of Sar1b defects on lipid and lipoprotein profile and cholesterol metabolism. J. Lipid Res. 2023, 64, 100423.
[CrossRef] [PubMed]

30. Galarraga, M.; Campion, J.; Muñoz-Barrutia, A.; Boqué, N.; Moreno, H.; Martínez, J.A.; Milagro, F.; Ortiz-De-Solórzano, C.
Adiposoft: Automated software for the analysis of white adipose tissue cellularity in histological sections. J. Lipid Res. 2012, 53,
2791–2796. [CrossRef] [PubMed]

31. Choi, E.W.; Lee, M.; Song, J.W.; Kim, K.; Lee, J.; Yang, J.; Lee, S.H.; Kim, I.Y.; Choi, J.-H.; Seong, J.K. Fas mutation reduces obesity
by increasing IL-4 and IL-10 expression and promoting white adipose tissue browning. Sci. Rep. 2020, 10, 12001. [CrossRef]
[PubMed]

32. Parlee, S.D.; Lentz, S.I.; Mori, H.; MacDougald, O.A. Quantifying size and number of adipocytes in adipose tissue. Methods
Enzymol. 2014, 537, 93–122. [PubMed]

33. Spahis, S.; Vanasse, M.; Bélanger, S.A.; Ghadirian, P.; Grenier, E.; Levy, E. Lipid profile, fatty acid composition and pro- and
anti-oxidant status in pediatric patients with attention-deficit/hyperactivity disorder. Prostaglandins Leukot. Essent. Fat. Acids
2008, 79, 47–53. [CrossRef] [PubMed]

34. Murray, E.; Butcher, J.; Kearns, M.M.; Lamba, S.; Liang, J.; Stintzi, A.; Ismail, N. Effects of pair-housing pubertal and adult male
and female mice on LPS-induced age-dependent immune responses: A potential role for the gut microbiota. Brain Behav. Immun.
2023, 110, 297–309. [CrossRef] [PubMed]

35. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [CrossRef]
36. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample in-ference

from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]
37. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.

PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]
38. Mirarab, S.; Nguyen, N.; Warnow, T. SEPP: SATé-enabled phylogenetic placement. In Biocomputing 2012; World Scientific:

Singapore, 2012; pp. 247–258.
39. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for

prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]

https://doi.org/10.1038/s41598-020-58863-1
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.2337/db07-1403
https://doi.org/10.1038/s41367-020-0017-1
https://doi.org/10.1097/CM9.0000000000000696
https://doi.org/10.2337/db08-1637
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1080/21623945.2016.1252011
https://doi.org/10.1097/01.mpg.0000232019.79025.8f
https://doi.org/10.1016/S0300-9084(98)80022-9
https://doi.org/10.1093/glycob/cwt162
https://doi.org/10.3390/nu12010220
https://www.ncbi.nlm.nih.gov/pubmed/31952248
https://doi.org/10.1038/srep20559
https://www.ncbi.nlm.nih.gov/pubmed/26838806
https://doi.org/10.1016/S0021-9258(18)70226-3
https://www.ncbi.nlm.nih.gov/pubmed/13641241
https://doi.org/10.1016/j.jlr.2023.100423
https://www.ncbi.nlm.nih.gov/pubmed/37558128
https://doi.org/10.1194/jlr.D023788
https://www.ncbi.nlm.nih.gov/pubmed/22993232
https://doi.org/10.1038/s41598-020-68971-7
https://www.ncbi.nlm.nih.gov/pubmed/32686763
https://www.ncbi.nlm.nih.gov/pubmed/24480343
https://doi.org/10.1016/j.plefa.2008.07.005
https://www.ncbi.nlm.nih.gov/pubmed/18757191
https://doi.org/10.1016/j.bbi.2023.03.009
https://www.ncbi.nlm.nih.gov/pubmed/36914014
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1371/journal.pone.0061217
https://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1038/s41587-020-0548-6


Nutrients 2024, 16, 871 28 of 29

40. Han, J.; Lin, K.; Sequeira, C.; Borchers, C.H. An isotope-labeled chemical derivatization method for the quantitation of short-chain
fatty acids in human feces by liquid chromatography–tandem mass spectrometry. Anal. Chim. Acta 2015, 854, 86–94. [CrossRef]

41. Davis, N.M.; Proctor, D.M.; Holmes, S.P.; Relman, D.A.; Callahan, B.J. Simple statistical identification and removal of con-taminant
sequences in marker-gene and metagenomics data. Microbiome 2018, 6, 226. [CrossRef]

42. Oksanen, J. Vegan: Community Ecology Package. 2010. Available online: http://vegan.r-forge.r-project.org/ (accessed on 18
September 2023).

43. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

44. Paulson, J.N.; Stine, O.C.; Bravo, H.C.; Pop, M. Differential abundance analysis for microbial marker-gene surveys. Nat. Methods
2013, 10, 1200–1202. [CrossRef]

45. Lee, J.; Ozcan, U. Unfolded protein response signaling and metabolic diseases. J. Biol. Chem. 2014, 289, 1203–1211. [CrossRef]
46. Xu, S.-P.; Mao, X.-Y.; Cheng, X.; Chen, B. Ameliorating effects of casein glycomacropeptide on obesity induced by high-fat diet in

male Sprague-Dawley rats. Food Chem. Toxicol. 2013, 56, 1–7. [CrossRef]
47. Chen, Q.; Wang, H.; Zhu, C.; Yan, Y.; Pang, G. Anti-apoptotic effects of milk-derived casein glycomacropeptide on mice with

ulcerative colitis. Food Agric. Immunol. 2014, 25, 453–466. [CrossRef]
48. Cui, Y.; Zhu, C.; Ming, Z.; Cao, J.; Yan, Y.; Zhao, P.; Pang, G.; Deng, Z.; Yao, Y.; Chen, Q. Molecular mechanisms by which casein

glycomacropeptide maintains internal homeostasis in mice with experimental ulcerative colitis. PLoS ONE 2017, 12, e0181075.
[CrossRef] [PubMed]

49. Després, J.-P.; Lemieux, I. Abdominal obesity and metabolic syndrome. Nature 2006, 444, 881–887. [CrossRef] [PubMed]
50. Han, T.S.; Lean, M.E. A clinical perspective of obesity, metabolic syndrome and cardiovascular disease. JRSM Cardiovasc. Dis.

2016, 5, 2048004016633371. [CrossRef]
51. Xu, S.; Mao, X.; Ren, F.; Che, H. Attenuating effect of casein glycomacropeptide on proliferation, differentiation, and lipid

accumulation of in vitro Sprague-Dawley rat preadipocytes. J. Dairy Sci. 2011, 94, 676–683. [CrossRef]
52. Longo, M.; Zatterale, F.; Naderi, J.; Parrillo, L.; Formisano, P.; Raciti, G.A.; Beguinot, F.; Miele, C. Adipose Tissue Dysfunction as

Determinant of Obesity-Associated Metabolic Complications. Int. J. Mol. Sci. 2019, 20, 2358. [CrossRef] [PubMed]
53. Petersen, M.C.; Shulman, G.I. Mechanisms of insulin action and insulin resistance. Physiol. Rev. 2018, 98, 2133–2223. [CrossRef]

[PubMed]
54. Lemmer, I.L.; Willemsen, N.; Hilal, N.; Bartelt, A. A guide to understanding endoplasmic reticulum stress in metabolic disorders.

Mol. Metab. 2021, 47, 101169. [CrossRef] [PubMed]
55. Lebeaupin, C.; Vallée, D.; Hazari, Y.; Hetz, C.; Chevet, E.; Bailly-Maitre, B. Endoplasmic reticulum stress signalling and the

pathogenesis of non-alcoholic fatty liver disease. J. Hepatol. 2018, 69, 927–947. [CrossRef] [PubMed]
56. Ghezzal, S.; Postal, B.G.; Quevrain, E.; Brot, L.; Seksik, P.; Leturque, A.; Thenet, S.; Carrière, V. Palmitic acid damages gut

epithelium integrity and initiates inflammatory cytokine production. Biochim. Biophys. Acta (BBA)—Mol. Cell Biol. Lipids 2020,
1865, 158530. [CrossRef] [PubMed]

57. Gulhane, M.; Murray, L.; Lourie, R.; Tong, H.; Sheng, Y.H.; Wang, R.; Kang, A.; Schreiber, V.; Wong, K.Y.; Magor, G.; et al. High fat
diets induce colonic epithelial cell stress and inflammation that is reversed by IL-22. Sci. Rep. 2016, 6, 28990. [CrossRef] [PubMed]

58. Hotamisligil, G.S. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell 2010, 140, 900–917.
[CrossRef]

59. Rutkowski, D.T. Liver function and dysfunction—A unique window into the physiological reach of ER stress and the unfolded
protein response. FEBS J. 2019, 286, 356–378. [CrossRef] [PubMed]

60. Rutkowski, D.T.; Kaufman, R.J. That which does not kill me makes me stronger: Adapting to chronic ER stress. Trends Biochem.
Sci. 2007, 32, 469–476. [CrossRef]

61. Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012,
13, 89–102. [CrossRef]

62. Bhattarai, K.R.; Alam Riaz, T.; Kim, H.-R.; Chae, H.-J. The aftermath of the interplay between the endoplasmic reticulum stress
response and redox signaling. Exp. Mol. Med. 2021, 53, 151–167. [CrossRef]

63. Sasako, T.; Ohsugi, M.; Kubota, N.; Itoh, S.; Okazaki, Y.; Terai, A.; Kubota, T.; Yamashita, S.; Nakatsukasa, K.; Kamura, T.; et al.
Hepatic Sdf2l1 controls feeding-induced ER stress and regulates metabolism. Nat. Commun. 2019, 10, 947. [CrossRef]

64. Guillou, H.; Zadravec, D.; Martin, P.G.; Jacobsson, A. The key roles of elongases and desaturases in mammalian fatty acid
metabolism: Insights from transgenic mice. Prog. Lipid Res. 2010, 49, 186–199. [CrossRef] [PubMed]

65. Hansen, K.E.; Murali, S.; Chaves, I.Z.; Suen, G.; Ney, D.M. Glycomacropeptide Impacts Amylin-Mediated Satiety, Postprandial
Markers of Glucose Homeostasis, and the Fecal Microbiome in Obese Postmenopausal Women. J. Nutr. 2023, 153, 1915–1929.
[CrossRef] [PubMed]

66. Montanari, C.; Ceccarani, C.; Corsello, A.; Zuvadelli, J.; Ottaviano, E.; Cas, M.D.; Banderali, G.; Zuccotti, G.; Borghi, E.; Verduci, E.
Glycomacropeptide Safety and Its Effect on Gut Microbiota in Patients with Phenylketonuria: A Pilot Study. Nutrients 2022, 14,
1883. [CrossRef] [PubMed]

67. Wernlund, P.G.; Hvas, C.L.; Dahlerup, J.F.; Bahl, M.I.; Licht, T.R.; Knudsen, K.E.B.; Agnholt, J.S. Casein glycomacropeptide is well
tolerated in healthy adults and changes neither high-sensitive C-reactive protein, gut microbiota nor faecal butyrate: A restricted
randomised trial. Br. J. Nutr. 2021, 125, 1374–1385. [CrossRef] [PubMed]

https://doi.org/10.1016/j.aca.2014.11.015
https://doi.org/10.1186/s40168-018-0605-2
http://vegan.r-forge.r-project.org/
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1074/jbc.R113.534743
https://doi.org/10.1016/j.fct.2013.01.027
https://doi.org/10.1080/09540105.2013.823912
https://doi.org/10.1371/journal.pone.0181075
https://www.ncbi.nlm.nih.gov/pubmed/28700735
https://doi.org/10.1038/nature05488
https://www.ncbi.nlm.nih.gov/pubmed/17167477
https://doi.org/10.1177/2048004016633371
https://doi.org/10.3168/jds.2010-3827
https://doi.org/10.3390/ijms20092358
https://www.ncbi.nlm.nih.gov/pubmed/31085992
https://doi.org/10.1152/physrev.00063.2017
https://www.ncbi.nlm.nih.gov/pubmed/30067154
https://doi.org/10.1016/j.molmet.2021.101169
https://www.ncbi.nlm.nih.gov/pubmed/33484951
https://doi.org/10.1016/j.jhep.2018.06.008
https://www.ncbi.nlm.nih.gov/pubmed/29940269
https://doi.org/10.1016/j.bbalip.2019.158530
https://www.ncbi.nlm.nih.gov/pubmed/31647994
https://doi.org/10.1038/srep28990
https://www.ncbi.nlm.nih.gov/pubmed/27350069
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1111/febs.14389
https://www.ncbi.nlm.nih.gov/pubmed/29360258
https://doi.org/10.1016/j.tibs.2007.09.003
https://doi.org/10.1038/nrm3270
https://doi.org/10.1038/s12276-021-00560-8
https://doi.org/10.1038/s41467-019-08591-6
https://doi.org/10.1016/j.plipres.2009.12.002
https://www.ncbi.nlm.nih.gov/pubmed/20018209
https://doi.org/10.1016/j.tjnut.2023.03.014
https://www.ncbi.nlm.nih.gov/pubmed/37116657
https://doi.org/10.3390/nu14091883
https://www.ncbi.nlm.nih.gov/pubmed/35565850
https://doi.org/10.1017/S0007114520003736
https://www.ncbi.nlm.nih.gov/pubmed/32967742


Nutrients 2024, 16, 871 29 of 29

68. Ntemiri, A.; Ribière, C.; Stanton, C.; Ross, R.P.; O’connor, E.M.; O’toole, P.W. Retention of microbiota diversity by lactose-free milk
in a mouse model of elderly gut microbiota. J. Agric. Food Chem. 2019, 67, 2098–2112. [CrossRef] [PubMed]

69. Deng, K.; Shuai, M.; Zhang, Z.; Jiang, Z.; Fu, Y.; Shen, L.; Zheng, J.-S.; Chen, Y.-M. Temporal relationship among adiposity, gut
microbiota, and insulin resistance in a longitudinal human cohort. BMC Med. 2022, 20, 171. [CrossRef]

70. Vacca, M.; Celano, G.; Calabrese, F.M.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The controversial role of human gut
lachnospiraceae. Microorganisms 2020, 8, 573. [CrossRef] [PubMed]

71. Meehan, C.J.; Beiko, R.G. A phylogenomic view of ecological specialization in the Lachnospiraceae, a family of digestive
tract-associated bacteria. Genome Biol. Evol. 2014, 6, 703–713. [CrossRef] [PubMed]

72. Sobh, M.; Montroy, J.; Daham, Z.; Sibbald, S.; Lalu, M.; Stintzi, A.; Mack, D.; A Fergusson, D. Tolerability and SCFA production
after resistant starch supplementation in humans: A systematic review of randomized controlled studies. Am. J. Clin. Nutr. 2022,
115, 608–618. [CrossRef]

73. Dobranowski, P.A.; Stintzi, A. Resistant starch, microbiome, and precision modulation. Gut Microbes 2021, 13, 1926842. [CrossRef]
[PubMed]

74. Casimiro, I.; Stull, N.D.; Tersey, S.A.; Mirmira, R.G. Phenotypic sexual dimorphism in response to dietary fat manipulation in
C57BL/6J mice. J. Diabetes Its Complicat. 2021, 35, 107795. [CrossRef] [PubMed]

75. Pettersson, U.S.; Walden, T.B.; Carlsson, P.-O.; Jansson, L.; Phillipson, M. Female mice are protected against high-fat diet in-duced
metabolic syndrome and increase the regulatory T cell population in adipose tissue. PLoS ONE 2012, 7, e46057. [CrossRef]
[PubMed]

76. Koh, J.; Kim, B.J.; Qu, Y.; Huang, H.; Dallas, D.C. Top-Down Glycopeptidomics Reveals Intact Glycomacropeptide Is Digested to
a Wide Array of Peptides in Human Jejunum. J. Nutr. 2022, 152, 429–438. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jafc.8b06414
https://www.ncbi.nlm.nih.gov/pubmed/30665298
https://doi.org/10.1186/s12916-022-02376-3
https://doi.org/10.3390/microorganisms8040573
https://www.ncbi.nlm.nih.gov/pubmed/32326636
https://doi.org/10.1093/gbe/evu050
https://www.ncbi.nlm.nih.gov/pubmed/24625961
https://doi.org/10.1093/ajcn/nqab402
https://doi.org/10.1080/19490976.2021.1926842
https://www.ncbi.nlm.nih.gov/pubmed/34275431
https://doi.org/10.1016/j.jdiacomp.2020.107795
https://www.ncbi.nlm.nih.gov/pubmed/33308894
https://doi.org/10.1371/journal.pone.0046057
https://www.ncbi.nlm.nih.gov/pubmed/23049932
https://doi.org/10.1093/jn/nxab400

	Introduction 
	Materials and Methods 
	Glycomacropeptide 
	Animals 
	Glucose and Lipid Homeostasis 
	Analytical Methods 
	Histological Analyses 
	RNA Isolation, Reverse Transcription and Quantitative PCR Analyses 
	Western Blot Analysis 
	Glutathione Peroxidase (GPx) Activity 
	Free Fatty Acid Analysis 
	Metagenomic DNA Extraction 
	16S rRNA V6 Library Construction for Ion Torrent Sequencing and Analysis 
	Short Chain Fatty Acid Analysis 
	General Statistical Analysis 
	Microbiome Statistical Analysis 

	Results 
	GMP Supplementation Prevents Excessive Weight Gain and Adipocyte Hypertrophy 
	GMP Supplementation Alleviates Systemic Insulin Resistance and Inflammation 
	GMP Impact on Gut Morphology and Permeability 
	GMP Fights Gut Inflammation, Abnormal Redox State and ER Stress 
	Attenuation of Intestinal Insulin Resistance by GMP 
	Bile Acid Metabolism Shift in Gut–Liver Axis in Response to GMP Administration 
	Impact of GMP on NAFLD 
	GMP Attenuates Hepatic Inflammation and OxS 
	Regulation of ER Stress and Apoptosis in the Liver by GMP 
	Modulation of Insulin Signalling Cascade by GMP in the Liver 
	HFHF Diet Dramatically Impacts Microbiota Composition, While GMP Has Subtle Effects on Microbial Composition 

	Discussion 
	Conclusions 
	References

