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ABSTRACT ARTICLE HISTORY
Excess amino acids from a protein-rich diet are mainly catabolized in the liver. However, it is still Received 27 March 2024
unclear to what extent the gut microbiota may be involved in the mechanisms governing this Revised 27 December 2024
catabolism. Therefore, the aim of this study was to investigate whether consumption of different Accepted 5 February 2025
dietary protein concentrations induces changes in the taxonomy of the gut microbiota, whichmay  keyworbps

contribute to the regulation of hepatic amino acid catabolism. Consumption of a high-protein diet Gut microbiota; high-protein
caused overexpression of HIF-1a in the colon and increase in mitochondrial activity, creating diet; secondary bile acids;
a more anaerobic environment that was associated with changes in the taxonomy of the gut amino acid catabolism;
microbiota promoting an increase in the synthesis of secondary bile acids, increased secretion of glucagon

pancreatic glucagon. This effect was demonstrated in pancreatic islets, where secondary bile acids

stimulated the expression of the PC2 enzyme that promotes glucagon formation. The increase in

circulating glucagon was associated with an induction of the expression of hepatic amino acid-

degrading enzymes, an effect attenuated by antibiotics. Thus, high protein intake in mice and

humans induced the increase of different species in the gut microbiota with the capacity to

produce secondary bile acids leading to an increase in secondary bile acids and glucagon levels,

promoting amino acid catabolism.
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1. Introduction

Dietary proteins are macronutrients that play an
essential role in human nutrition." The type and
concentration of protein could be modified as part
of different dietary strategies for the treatment of
various pathologies to produce health benefits.” In
everyday life, there is an inadequate consumption
of protein according to recommendations in dif-
ferent population groups. For many decades,
efforts have been made to study the consequences
of consuming low, adequate or high protein diets
in animal models.”™ Dietary protein provides the
organism with amino acids to maintain protein
synthesis in all cells and to become precursors of
several molecules with diverse biological functions.
However, when protein intake exceeds require-
ments, the fate of amino acids is to be oxidized,
channeled to gluconeogenesis and the tricarboxylic
acid cycle to generate ATP.® In addition, the con-
sumption of a high protein diet is accompanied by
an increased excretion of nitrogen as urea.”

Among the adaptations that have been demon-
strated due to different dietary protein concentra-
tion-dependent changes are variations in several
circulating hormones such as insulin, glucagon,
and glucocorticoids.>® In particular, an increase
in glucagon is observed in high protein diets,
which is associated with an increase in the tran-
scription of amino acid degrading enzymes
(AADE) genes, mainly through the transcription
factor cAMP response element binding protein
(CREBP),'® which accelerates the catabolism of
the excess amino acids.'’ Another factor that also
stimulates the transcription of these enzymes is
hepatocyte nuclear factor 4 alpha (HNF4a).'>"?
Under these conditions, the expression of some
urea cycle enzyme genes is also induced to elim-
inate excess amino acids.'?

Recently, it has been recognized that other factors
are involved in the adaptation to the consumption of
different dietary protein concentrations,” including
adaptations that occur in the gastrointestinal tract,
which may be associated with changes in the gut
microbiota.>'* Several studies in animal models have
shown that consumption of low or high protein diets
can alter the abundance of some species of the gut

microbiota.">"® It is known that the consumption of
a high-protein diet can increase the concentration of
intestinal amino acids and peptides produced by pro-
cessing of intestinal enzymes that can reach the colon,
and these are used as substrates by several bacteria,
promoting their abundance.'*'” On the other hand, it
has been shown that the amount of protein in the diet
is associated with a decrease in carbohydrates, and this
reduction may also affect the abundance of specific
species of gut microbiota that are highly dependent on
this metabolic substrate."* As a consequence, several
metabolites have been shown to increase after con-
sumption of a high-protein diet, including phenols,
indoles, amines, sulfides, and short-chain fatty acids,
among others, which may have health implications
for the host.'®~*°

Consumption of a high-protein diet is associated
with an increase in circulating levels of amino
acids.” Elevation of some amino acids has been
associated with various toxic effects,”' thus amino
acid catabolism must be activated to reduce excess
amino acids in serum and tissues.”>** However, it
has not been established whether there is an axis
between the gut and the hepatic amino acid cata-
bolism involving taxonomic adaptations of the gut
microbiota as part of the mechanism of hepatic
amino acid catabolism to reach a steady state of
amino acid concentration after consumption of
a protein-rich diet.

Therefore, the aim of the present study was to
assess whether the consumption of a high-protein
diet can modify the gut microbiota, leading to
changes in some metabolites that may in turn trig-
ger signals to promote amino acid catabolism in the
liver, thereby facilitating a physiological adaptation
of the host.

2. Results

2.1. Consumption of a high-protein diet reduced
body fat and increased energy expenditure

To evaluate metabolic adaptations to different
dietary protein concentrations, mice were fed
a low (6%), adequate (20%), or high (50%) pro-
tein diet for 10 days. The data showed that mice
fed an adequate protein diet gained more body
weight than the other two groups. However, it
was evident that those fed the high-protein diet
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Figure 1. Mice fed increasing concentrations of dietary protein had decreased body fat mass and increased energy expenditure. (a)
Body weight gain, (b) energy intake, (c) fat mass and lean mass, (d) respiratory exchange ratio (RER), (e) oxygen consumption, and (f)
heat after dietary protein consumption. LP (low protein), NP (normal protein), HP (high protein). Data are expressed as mean + SEM.
Statistical analyses were performed by two-way ANOVA followed by Tukey’s post hoc test (for C and E-F). Multiple comparisons are

shown in lowercase (a > b), n=5-8.

had a decrease in body weight gain, reaching
almost the initial body weight after 10 days of
dietary treatment (Figure la). This body weight
behavior occurred despite the fact that mice fed
the high-protein diet had the highest dietary
protein intake and energy intake expressed in
Kcal/day (Figure 1b). Analysis of body composi-
tion revealed that consumption of a high-protein
diet was associated with the lowest increase in
body fat mass, while maintaining lean body mass
similar to that of mice fed an adequate protein
diet (Figure 1c). Respiratory exchange ratio
(RER) was measured to assess energy expendi-
ture and the fuel metabolized to supply energy to
the body. It was observed that mice fed 50%
dietary protein had the lowest RER (0.7) com-
pared to the other groups (0.8). However, during
the feeding period, mice fed 6% or 20% protein
diet reached an RER value of about 1. In

contrast, mice fed 50% protein diet increased
the RER value to about 0.8, suggesting that the
main source of energy was dietary protein
(Figure 1d). Interestingly, despite the low RER,
mice fed 50% protein in the diet had the highest
oxygen consumption during the 24-hour period
compared to the other groups (Figure le).
Similarly, mice fed 50% protein in the diet had
the highest energy expenditure expressed as heat
(Figure 1f).

2.2. Consumption of a high protein diet modified
the transcriptome of the mouse colon

First, we investigated whether the consumption of
different concentrations of dietary protein could
modulate the transcriptome in the ileum and
colon. For this purpose, an RNA-seq assay was
performed in both parts of the intestine. In
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Figure 2. Differential gene expression changes in the colon after feeding different protein concentrations. (a) Principal component analysis
(PCA) plot based on differential mRNA expression in mice fed different protein concentrations. Relative abundance of mRNAs with significant
changes: (b) autophagy related 7 (Atg7), (c) monocarboxylate transporter 4 (MCT4 or Slc16a3), (d) hypoxia inducible factor-1 (Hif-1a), (e)
hepatocyte nuclear factor 4a (HNF-4A), (f) Mothers against decapentaplegic homolog 3 (Smad3), (g) Nuclear receptor coactivator 2 (Ncoa2), (h)
Aly/REF export factor (Alyref), (i) Forkhead box 03 (Foxo 3). (j) Inhibitor of differentiation 1 (/d1), (k) B-cell lymphoma 2 (Bcl-2), and (1) B-cell
lymphoma extra large (Bc/-xL). LP (low protein), NP (normal protein), HP (high protein). Statistical analyses were performed by two-way
ANOVA followed by Tukey's post hoc test (B-L). Multiple comparisons are summarized with lowercase letters (a > b). n=5.

particular, the transcriptome in the ileum was
similar in all three groups. However, Principal
Coordinate Analysis (PCoA) revealed that in the
colon, those fed 50% dietary protein had
a different gene expression profile than the 6%
and 20% groups (Figure 2a). Volcano plot analy-
sis showed that mice fed 50% dietary protein had
several genes that were significantly over- or
under-expressed. In particular, Atg7, SlcI16A3,
HIFla, HNF4a, Smad3, Ncoa2, and Alyref were
9- to 25-fold overexpressed (Figure 2b-h). In
contrast, Foxo3, Idl, Bcl-2 and Bcl-xL were
strongly under-expressed (Figure 2i-1). Some of
these genes are associated with cell replication

and metabolism. In fact, histological studies
showed that the length of Lieberkiihn crypts was
similar between animals fed a low and adequate
protein diet, while the group of animals fed
a high protein diet had significantly longer crypts
with a cellular constitution apparently similar to
that of the other groups fed 6% or 20% dietary
protein (Figure 3a,b), suggesting an accelerated
process of cell replication, as some amino acids,
particularly glutamine, have been shown to play
a key role in enterocyte energy metabolism,
which in turn accelerates protein turnover in

these cells.”*
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Figure 3. Colon morphology, mitochondrial function, and hypoxic state were altered in mice fed a high-protein diet. (a) Histologic
sections of ascending colon from animals fed different protein concentrations. (b) Crypt length analyzed by automated morphometric
analysis (hematoxylin-eosin stained micrographs, magnification x100) (n=8-10). (c and d) Mitochondrial respiratory states of isolated
colonic mitochondria. Values were obtained from oxygen respiratory rate (OCR), (n=4). (e) Colonic hypoxic microenvironment of mice fed
different protein concentrations injected with pimonidazole. (f) Relative fluorescence units of colon, immunofluorescence staining was
analyzed with imageJ (n=3) for hypoxia assessment. LP (low protein), NP (normal protein), HP (high protein). Data are expressed as mean
+ SEM. Densitometric statistical analyses were performed by two-way ANOVA followed by Tukey’s post hoc test. Multiple comparisons
are summarized with lowercase letters (@ > b) (for B and F). p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n = 4 (for D).

2.3. Consumption of a high-protein diet produced
an increased colonic hypoxia associated with an
increase in mitochondrial function

Changes in gene expression of HIF-I« are indica-
tive of oxygen utilization, particularly for mito-
chondrial respiration of isolated mitochondria
obtained from the colon. Indeed, in mice fed 50%
dietary protein, mitochondria isolated from the
colon exhibited a significant increase in the rate
of oxygen consumption associated with ATP pro-
duction, as well as proton leak and non-
mitochondrial respiration (Figure 3c,d). In fact,
assessment of the anaerobic state in the colon mea-
sured with pimidazole, a probe to assess the degree
of oxygenation in the colon, showed that

consumption of 50% dietary protein produced
a nearly 3-fold greater hypoxic state compared to
those fed 6% or 20% dietary protein (Figure 3e,f).

2.4. The hypoxic state in the colon induced by a
high-protein diet altered the gut microbiota

Due to changes in the expression of some genes
such as HIF-1« in the colon and an increase in the
oxygen consumption rate (OCR) due to changes in
mitochondrial activity, especially in those animals
fed a high protein diet, this suggested that there
may be changes in the aerobic/anaerobic state in
the colon, which would possibly have repercussions
on the taxonomy of the gut microbiota. To this
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Figure 4. Gut microbiota is modified by dietary protein concentration in mice. (a) Comparative alpha diversity of gut microbiota, (b)
Principal coordinate analysis of beta diversity. Taxonomy of gut microbiota at the level of (c) phylum and (d) genus; (e) linear
discriminant analysis (LDA) shows significant differences in the relative abundance of bacterial species in mice fed different protein
concentrations. (f) Relative mRNA abundance of P. distasonis. LP (low protein), NP (normal protein), HP (high protein). Statistical
analyses were performed by two-way ANOVA followed by Tukey’s post hoc test (for A and D). Multiple comparisons are indicated by
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end, we evaluated the gut microbiota by sequen-  was modified according to the amount of protein
cing the 16S ribosomal RNA gene. The results  consumed in the diet; in particular, animals fed
showed that the diversity of the gut microbiota  a 50% protein diet showed a small decrease in the



Shannon index, an indicator of gut microbiota
diversity (Figure 4a). However, principal compo-
nent analysis of the gut microbiota, which is an
indicator of beta diversity, showed that the gut
microbiota changed not only in quantitative abun-
dance but also in the type of bacteria present in the
colon depending on the amount of protein in the
diet (Figure 4b). Taxonomic analysis showed that
consumption of a diet with 50% dietary protein
increased the Bacteroidetes phylum (Figure 4c),
which affected the gut microbiota at the genus
level (Figure 4d). Additionally, the LDA score ana-
lysis showed that the species that significantly
increased with the consumption of a 50% protein
diet were Escherichia coli, Clostridium cocleatum,
Mucispirillum schaedleri and Parabacteroides dis-
tasonis, while at 6% protein it was Akkermansia
muciniphila (Figure 4e). Particularly, the qPCR
analysis showed that consumption of 50% dietary
protein increased by 12. 6- and 46-fold compared
to those consuming 20% or 6% dietary protein,
respectively (Figure 4f).

2.5. Modulation of the gut microbiota by a high
protein diet was associated with an increase in
serum secondary bile acid and glucagon
concentrations

Subsequently, a Phylogenetic Investigation of
Communities by Reconstruction of Unobserved
States (PyCrust) analysis was performed, which is
designed to predict the major metabolic functions
of the gut microbiota by determining the func-
tional content of the metagenome from studies of
marker genes (e.g. 16S rRNA) and whole
genomes,” in this study as a function of the
amount of protein consumed in the diet.
Interestingly, the analysis suggested that in animals
fed a high protein diet, there was an increase in
nitrogen metabolism (Figure 5a), particularly in the
utilization of amino acids, possibly as an energy
source, as observed for histidine metabolism
(Figure 5b), which was also observed for other
amino acids. On the other hand, the analysis also
suggested a possible increase in bacterial synthesis
of secondary bile acids with increasing dietary pro-
tein content (Figure 5¢). To determine whether this
proposed increase in secondary bile acid synthesis
detected by PyCrust actually translated into an

GUT MICROBES (&) 7

increase in their production, fecal concentrations
of primary and secondary bile acids were deter-
mined. Analysis revealed that there was no differ-
ence in the concentrations of total bile acids or
primary bile acids in mice fed 6%, 20%, or 50%
dietary protein (Figure 5d,e), and this was asso-
ciated with no change in FGF15 abundance in
ileum and colon, since primary bile acids are
ligands of LXR1a, a transcription factor that reg-
ulates Fgfl5 expression (Figure 5f,g). However,
there was a significant increase in the concentra-
tion of the fecal secondary bile acids deoxycholic
acid (DCA), lithocholic acid (LCA), and urso-
deoxycholic acid (UDCA) (Figure 5h,i) with
increasing  dietary protein  concentration.
Interestingly, the serum concentration of second-
ary bile acids significantly increased by 4.5-fold in
mice fed 50% dietary protein compared with those
fed 20% dietary protein. Whereas, the concentra-
tion of primary bile acid did not differ between
these groups (Figure 5j).

Secondary bile acids play various roles in the
body, but there is no evidence that secondary bile
acids can play a role in amino acid catabolism
directly or indirectly activating AADE. On the
other hand, the expression of AADE has been
shown to be stimulated by circulating levels of
glucagon.'' Previous evidence has shown that this
hormone is increased in the circulation by the
consumption of a high protein diet or during
fasting.”*® As expected, glucagon levels were sig-
nificantly increased in mice fed a 50% protein diet
(Figure 5k). Therefore, we investigated whether
glucagon secretion was stimulated by the presence
of secondary bile acids, because previous evidence
showed that i.p. injection of secondary bile acids
stimulated glucagon release,”” but some other stu-
dies with pancreatic islets did not confirm this
evidence.”® We performed studies in isolated pan-
creatic islets, and in agreement with the negative
results of previous studies, secondary bile acids
alone were not able to increase glucagon secretion.
On the other hand, there is evidence that some
amino acids are glucagon secretagogues, such as
arginine.”” Indeed, our results showed that this
amino acid stimulated glucagon secretion from
pancreatic islets. Surprisingly, we found that incu-
bation of pancreatic islets with arginine in the pre-
sence of secondary bile acids synergistically
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Figure 5. Impact of Dietary Protein Levels on Gut Microbiota Potential Functions in Mice. Phylogenetic analysis of communities to
predict the functional metagenome and thus differentially active bacterial metabolic pathways, including (a) nitrogen metabolism, (b)
histidine metabolism, and (c) secondary bile acid biosynthesis after consumption of different dietary protein concentrations. (d) Total
fecal concentration of bile acids, (e) primary fecal bile acids concentration, (f) western blot and (g) densitometric analysis of FGF15 in
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increased glucagon secretion (Figure 51), suggest-
ing that an interaction between secretagogues
amino acids and secondary bile acids is involved
in promoting glucagon secretion from pancreatic
islets. There is evidence that secondary bile acids
are ligands for the Takeda G protein-coupled
receptor 5 (TGR5), which activates the transcrip-
tion of prohormone convertase enzymes that
cleave proglucagon.’® Interestingly, our study
clearly showed that the expression of the enzyme
prohormone convertase 2 (PC2) increased after
consumption of a high-protein diet (Figure 5m)
to produce active glucagon, which partially
explains the significant increase in the concentra-
tion of circulating glucagon.

2.6. The increase in circulating glucagon was
associated with an increase in the expression of
amino acid degrading enzymes

As previously shown, glucagon is an activator of
AADE expression. As expected, the protein
abundance of AADE, particularly serine dehy-
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with increasing dietary protein concentration
(Figure 6a,b). This was also evident for some
urea cycle enzymes such as carbamoyl phos-
phate synthetase 1 (CPS1) (Figure 6c). As
a consequence, we observed a decrease in the
concentration of several circulating amino acids
after 10 days of dietary treatment with a high-
protein diet (Supplementary Fig. S1A), that was
accompanied by a significant increase in serum
urea concentration (Figure 6d). Interestingly,
there was a decrease in serum glucose and tri-
glyceride concentrations after consumption of
a high-protein diet (Figure 6e,f).

2.7. Antibiotic treatment partially compensated for
the differences in body weight and composition and
gut microbiota after consumption of diets with
different protein concentrations

To investigate the influence of antibiotics on gut
microbiota and amino acid catabolism, we con-
ducted a parallel study in which mice were exposed
to different levels of dietary protein (6%, 20% or

dratase (SDS) and histidase (HAL), increased 50%) in the presence of antibiotics. Notably,
p y
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Figure 6. Expression of amino acid catabolizing enzymes (AACE) in mouse liver and increased postprandial urea depend on the
amount of dietary protein. Densitometric analysis and blots of protein abundance of (a) SDS, (b) CPS1 and (c) HAL, GAPDH was the
structural protein control. (d, e and f) Measurement of postprandial biochemical parameters. Data are presented as mean + SEM.
Statistical analyses were performed by two-way ANOVA followed by Tukey'’s post hoc test (A-J). Multiple comparisons are summarized

with small letters (a # b # ¢). n=5-10.



10 (& S.TOBON-CORNEJO ET AL.

antibiotic treatment effectively abolished the differ-
ential weight gain that would typically occur with
varying levels of dietary protein, resulting in almost
no net weight gain over the 10-day period
(Figure 7a).

However, specific differences emerged within
these groups; mice consuming 6% dietary protein
had a reduction in lean body mass compared to
those consuming 20% and 50% dietary protein,
without significant change in fat mass between
groups. (Figure 7b). These changes occurred
despite the fact that mice on the 50% protein diet
had a higher energy intake than those on the 6% or
20% protein diets (Figure 7c). In addition, the
respiratory exchange ratio (RER) in the high-
protein diet group increased to 0.9 (Figure 7d),
and oxygen consumption and heat production
showed increases of 14% and 10%, respectively,
compared to the groups fed 6% or 20% dietary
protein (Figure 7e,f).

It is noteworthy that, with the presence of anti-
biotics, there was a decrease in alpha diversity and
the differences between the groups fed different
concentrations of dietary proteins were abolished
as observed in the beta diversity of the gut micro-
biota (Figure 8a,b). Furthermore, the taxonomic
composition at the genus level of the gut micro-
biota appeared quite similar in the groups fed diets
containing 6%, 20% or 50% protein (Figure 8c).
However, one interesting finding was that mice
fed a 50% protein diet had increased crypt length
in the colon (Figure 8d,e), indicating possible
hyperproliferative crypts. An intriguing result of
the Pycrust analysis was that the administration
of antibiotics significantly decreased nitrogen
metabolism with respect to mice without antibio-
tics, although nitrogen metabolism was higher in
the group fed 50% protein with respect to the
groups fed 6 or 20% dietary protein (Figure 8f),
and on the other hand there was no significant
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Figure 7. Antibiotic depletion of the gut microbiota reduced the effect of dietary protein concentration on reducing body fat mass and
increasing energy expenditure. (a) Body weight gain, (b) fat mass and lean mass, (c) energy intake, (d) respiratory exchange ratio (RER),
(e) oxygen consumption, and (f) heat after dietary protein consumption. LP (low protein), NP (normal protein), HP (high protein). Data
are presented as mean + SEM. Statistical analyses were performed by two-way ANOVA followed by Tukey's post hoc test (for c and ef).
Multiple comparisons are summarized with small letters (a # b # ¢). n=5-6.
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Figure 8. Gut microbiota depletion with antibiotics modifies the effect of dietary protein concentration on nitrogen metabolism, total
secondary bile acids, and serum glucagon concentration. (a) Comparative alpha diversity in the gut microbiota, (b) principal
coordinate analysis of beta diversity, (c) genus level, (d) histological sections of ascending colon collected from the indicated group
of animals fed different protein concentrations and treated with antibiotic cocktail given in water consisting of antibiotic ampicillin
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difference in metabolism related to secondary bile
acid biosynthesis (Figure 8g). In fact, fecal second-
ary bile acid concentrations were significantly
reduced with antibiotic treatment, and there was
no difference in serum and fecal secondary bile
acid concentrations between groups (Figure 8h,i).
This was accompanied by an increase in the
amount of fecal total protein concentration
(Supplementary Fig. S1A). As a consequence, we
found that this influenced circulating levels of glu-
cagon, as consumption of a protein-rich diet
increased serum glucagon levels, but this increase
was approximately 84% lower compared with those
observed in mice without antibiotic treatment
(Figure 8j), indicating that antibiotic administra-
tion reduced the abundance of bacteria involved in
secondary bile acid production, possibly limiting
glucagon secretion. In fact, QPCR analysis revealed
the absence of Parabacteroides distasonis in fecal
samples, despite the consumption of a high-protein
diet. As a result, the expression of hepatic AADE,
such as HAL, SDS or Glutaminase was significantly
reduced in mice fed 50% protein diet in the pre-
sence of antibiotics compared to mice fed the same
diet without antibiotics (Figure 8k-m). The
decrease in AADE expression as a result of anti-
biotic treatment led to an increase in circulating
amino acid levels in part due to a reduction in
amino acid catabolism when mice were fed a high-
protein diet compared with serum amino acid
levels in mice without antibiotic treatment con-
suming the same diet (Figure 9a-g). Collectively,
these observations highlight the complex interplay
between dietary protein, gut microbiota, and meta-
bolic outcomes and shed light on the complex
relationships among these factors.

2.8. Consumption of a high-protein diet altered the
taxonomy of the gut microbiota and increased the
concentration of fecal secondary bile acids in
humans

We were particularly interested in whether the effects
observed in mice as a result of increased dietary pro-
tein consumption could be replicated in humans. To
this end, we conducted a clinical study in healthy
subjects to determine whether the changes observed
in mice had analogous effects in humans in which
dietary protein could alter the gut microbiota and

secondary bile acids. Table 1 describes the demo-
graphic characteristics of the study subjects. The
mean age of the participants was 30.8 + 5.8 years,
and 57% were female.

Interestingly, we observed that consumption of
a high-protein diet reduced the alpha diversity of the
gut microbiota similar to that observed in mice
(Figure 10a). In addition, there were changes in the
taxonomy of the gut microbiota at the phylum and
genus level (Figure 10b,c). LDA analysis revealed that
consumption of a high-protein diet significantly
increased the abundance of several anaerobic species,
including Anaerorhabdus furcosa, Gemmiger formici-
lis, Clostridium fimetarium, Olsenella profuse,
Paraeggerthella hongkongensis, and Bulleidia moorei.
Notably, we also observed an increase in the abun-
dance of Parabacteroides distasonis, which was also
elevated in the gut microbiota of mice fed a 50%
protein diet (Figure 10d). Notably, this bacterium is
associated with the synthesis of secondary bile acids.
Therefore, we investigated whether the consumption
of a high protein diet increases the levels of secondary
bile acids.

To gain a more complete understanding of the
potential effects of acute high-protein intake on
secondary bile acids, we conducted a targeted
metabolomic study using liquid chromatography-
mass spectrometry. The aim was to detect differ-
ences in bile acid composition in stool samples
collected before and after a high protein intake.
The study revealed a marked increase in secondary
bile acids, particularly deoxycholic acid (DCA),
after high protein intake (Figure 10e,f). This
increase was associated with a substantial and sig-
nificant increase in glucagon levels after high pro-
tein intake, from 6.64 pg/mL to 24.7 pg/mL
(Figure 10g), reflecting a similar trend to that
observed in the animal model. This finding par-
tially supports the concept that secondary bile acids
may play a role in the regulation of elevated circu-
lating glucagon levels (Figure 10h).

Finally, we compared baseline measurements
with those obtained after an acute high-protein
intake and observed an increase in urea levels from
4.68 mmol/L to 5.37 mmol/L (Table 2). In addition,
consumption of a high-protein diet decreased visc-
eral fat and slightly increased lean body mass, and
also decreased total cholesterol and tended to
decrease serum triglycerides (Table 2).
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Figure 9. Circulating concentrations of amino acids were modified by the antibiotic treatment in mice fed different concentrations of
dietary protein. (a) Valine, (b) Leucine, (c) Isoleucine, (d) Serine, (e) Histidine, (f) Glutamine, and (g) Arginine. Data are presented as
mean * SEM. Statistical analyses were performed by two-way ANOVA followed by Tukey’s post-hoc test; statistical significance was set

at p < 0.05.

3. Discussion

The catabolism of the excess of circulating
amino acids is essential to maintain homeostasis
in the organism in terms of nitrogen metabo-
lism, allowing continuous protein synthesis
according to the temporal requirements, as well
as the production of several nitrogenous mole-
cules, but at the same time preventing the
potential collateral effects of the excess of
amino acids.’ In the present study, we now
recognize that the gut microbiota plays a role

in the catabolism of the excess of amino acids in
the liver. Previous studies have suggested that
gut bacteria can use excess amino acids as
a source of energy. This study and others have
shown that this process can alter the population
of certain gut bacteria."*”'™** These changes can
lead to the production of metabolites, such as
secondary bile acids, which can trigger specific
metabolic responses in the body.

Interestingly, we observed that this adaptation of
the gut microbiota to the consumption of a high-
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Table 1. Clinical, biochemical, and hormonal
parameters of all subjects.

Variables N=19
Mean
Sex
Women/Men 11/8
Age, y 30.8 +1.31
Weight, kg 63.9 +2.02
BMI, kg/m* 23.5 £ 0.50
Body fat mass, kg 19.1 £2.70
Lean body mass, kg 26.0 £ 1.28
SBP, mmHg 105 + 2.73
DBP, mmHg 69.2 +1.31
Glucose, mg/dL 954 +1.78
Total cholesterol, mg/dL 167 +7.13
Triglycerides, mg/dL 105 + 8.80
HDL-C, mg/dL 455+ 281
LDL-C, mg/dL 104 £ 5.95
Urea, mmol/L 4.68 £ 0.23
Glucagon, pg/mL 6.64 + 2.45

BMI, body mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure; HDL-C, HDL cholesterol; LDL-C,
LDL cholesterol.

protein diet was accompanied by several phenoty-
pic changes observed in the mouse model, includ-
ing a reduction in body weight gain, but preventing
the decrease in lean body mass, attenuating the
increase in body fat, compared to mice fed an
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adequate amount of dietary protein, effects
observed in previous clinical studies.”**> These
results are consistent with previous studies in ani-
mal models or in humans that a high protein diet
prevents obesity and preserves lean body mass.*>*¢
This response to increased dietary protein was in
part associated with increased energy expenditure,
as previously described.”” Moreover, increased
dietary protein reduces RER to 0.7 indicating
a switch in oxidation from carbohydrates to fat.
This can be explained by the different proportion
of carbohydrate and fat in these diets but also by
the increase in specific amino acids. Specifically,
the high protein content provides a continuous
supply of amino acids that can replenish the
Krebs cycle intermediates, contributing to an
increase in fatty acid oxidation. For instance, leu-
cine treatment of C2C12 myotube significantly
increases fatty acid oxidation.”® Furthermore, the
increase in anaplerotic reactions fed by aspartate
and BCAA oxidation enhanced endurance and
resistance to muscle fatigue with greater lipid
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Figure 10. Consumption of a high-protein diet altered the taxonomy of the gut microbiota, increasing secondary bile acids and
circulating glucagon in humans. (a) Comparative alpha diversity of the gut microbiota. Taxonomy of the gut microbiota at the (b)
phylum level and (c) genus level. (d) Linear discriminant analysis (LDA) of the gut microbiota at the species level. Concentration of
fecal secondary bile acids (e) lithocholic and (f) deoxycholic. (g) Serum glucagon concentration, (h) Serum bile acids concentration.
Data are presented as mean + SEM. Statistical analyses were performed by one-way ANOVA followed by Tukey's post-hoc test;

statistical significance was set at p < 0.05.



Table 2. Clinical, biochemical, and hormonal parameters of all subjects

before and after acute protein intake.

Variables Day 1 Day 14 P
Mean Mean

Weight, kg 63.9 +2.02 63.7 +£1.93 0.27
BMI, kg/m* 235+ 0.50 23.5 + 048 0.53
Body fat mass, kg 19.1 £ 2.70 16.4 + 0.70 0.25
Lean body mass, kg 26.0 +1.28 263 +1.21 0.15
SBP, mmHg 105 +2.73 105 + 2.68 0.85
DBP, mmHg 69.2 = 1.31 70.7 £1.43 0.24
Glucose, mg/dL 95.4 + 1.78 96.9 + 2.46 0.46
Total cholesterol, mg/dL 167 +7.13 144+ 74 0.01
Triglycerides, mg/dL 105 + 8.80 85.0 £ 8.17 0.01
HDL-C, mg/dL 455 = 2.81 46.9 + 291 0.28
LDL-C, mg/dL 104 £ 595 97.7 +5.87 0.12
Urea, mmol/L 4.68 +£0.23 537+£023 0.01
Glucagon, pg/mL 6.64 + 2.45 24.7 £ 6.44 0.01

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C,

HDL cholesterol; LDL-C, LDL cholesterol.
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oxidation in mice deficient of the histone deacety-
lase 3 (HDAC3).”

Our study also showed that an additional
adaptation occurred in the intestine, particularly
in the colon segment, since our observation after
an RNAseq analysis, showed a differential tran-
scriptomic gene expression profile between mice
fed a high-protein diet and those fed adequate or
low protein diet. The results showed a high
increase in colonic Afg7 expression involved in
the autophagy process,”® SIcI6A3 a transporter of
short chain fatty acids, HNF4-a involved in
intestinal cell differentiation,*’ Smad3 associated
with the transcription of TGFa regulating the
proliferation of the intestinal epithelial barrier,"?
and Ncoa2 involved in cell proliferation and
reduced apoptosis.*> As a consequence, the
intestinal epithelium of mice fed a high protein
diet showed large epithelial crypts as a result in
the expression of genes involved in cell prolifera-
tion and improvement of the epithelial barrier,
a result consistent with previous studies in rats
and humans.**"*® Interestingly, there was an
increase in the expression of HIFl« in the colon
when mice were fed a high protein diet. It has
been described that increased expression of
HIFI« in the intestine is associated with a local
anaerobic condition.*””*® Our results clearly
showed that consumption of a high protein diet
resulted in a significant increase in colonic anae-
robiosis. There is evidence that consumption of
a high-protein diet can increase the synthesis of
short-chain fatty acids by the gut microbiota,
which can be used as an energy substrate by the

intestine, but also intestinal cells can use an
excess of some amino acids as an energy
source.'”*”* Indeed, in the present study,
a significant increase in mitochondrial oxidative
capacity was observed in isolated colon mito-
chondria. This suggests that the elevated oxida-
tive capacity in the colon is due to a significant
increase in the utilization of metabolic substrates,
extensively using oxygen and generating an anae-
robic state.**>

There is clear evidence that the anaerobic state in
the colon can promote a change in the taxonomy of
the gut microbiota.”" This effect was observed in
our study, where we found that the gut microbiota
after consumption of a high protein diet differen-
tially modified the relative abundance of gut bac-
teria compared to consumption of an adequate or
low protein diet, as observed by beta diversity ana-
lysis. There was a significant increase in some spe-
cies of the gut microbiota with a high protein diet,
including Escherichia coli, Clostridium cocleatum,
Mucispirillum schaedleri and Parabacteroides dis-
tasonis. Interestingly, Parabacteroides distasonis
has been observed to thrive on higher protein
intakes due to its ability to utilize protein as
a nutrient source. After passing through the eso-
phagus and gastric lumen, dietary proteins are
hydrolyzed in the small intestine by proteases and
peptidases. Although the process is quite efficient,
some nitrogenous products not absorbed in the
small intestine cross the ileocecal junction and
can be found in the large intestine. The undigested
peptides and amino acids are usually not absorbed
by colonocytes, but are utilized by the gut
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microbiota to form intermediate metabolites and
other end products such as p-cresol from tyrosine,
phenylpropionate, phenylacetate from phenylala-
nine, and indole skatole from tryptophan among
others, and this will depend on the amount of
dietary protein consumed.® Parabacteroides dista-
sonis has the enzymatic machinery to break down
and metabolize the excess of amino acids.
Therefore, as protein intake increases, it provides
more substrate for these bacteria to grow and mul-
tiply in the intestinal environment. The enzymes
possessed by Parabacteroides distasonis include:
proteases, aminotransferases, and decarboxylases.
These enzymes cleave peptide bonds within pro-
teins, breaking them down into smaller peptides
and amino acids that can be further metabolized,
facilitate the transfer of amino groups between
amino acids and keto acids, a process crucial for
amino acid metabolism and synthesis, and in par-
ticular, Parabacteroides distasonis possess decar-
boxylases that remove carboxyl groups from
amino acids, producing biogenic amines or other
metabolites.”>”> Together, these enzymes allow
Parabacteroides distasonis to utilize amino acids
as a nutrient source when protein intake is
increased, contributing to its growth and survival
in the intestinal environment as observed in the
present study. This relationship is evidence of the
complex interactions between diet and the compo-
sition of the gut microbiota and highlights how
dietary changes can influence microbial popula-
tions in the gut ecosystem. Interestingly, in this
study, when humans were fed a high-protein diet,
there was an increase in the abundance of several
anaerobic bacteria, including Parabacteroides
distasonis.

Some studies have shown that Parabacteroides
distasonis is involved in the synthesis of succinate,
but also in the synthesis of secondary bile acids.”
Therefore, we investigated whether the consump-
tion of a high protein diet increased the levels of
secondary bile acids.

Primary bile acids are synthesized in the liver
from cholesterol and conjugated with glycine or
taurine to form bile salts, which are stored in
the gallbladder. During digestion, these bile salts
are released into the small intestine to help
emulsify and absorb fats. In the large intestine,
intestinal bacteria convert primary bile acids to

secondary bile acids, such as cholic acid to
deoxycholic acid and chenodeoxycholic acid to
lithocholic acid. Some secondary bile acids are
reabsorbed and returned to the liver for reuse in
the bile cycle. As observed in the present study,
we found for the first time that consumption of
a high protein diet increases the formation of
secondary bile acids. Secondary bile acids are
involved in several functions, including fat
digestion, cholesterol and energy metabolism,
and have also been implicated in cell signaling
via the farnesoid X receptor (FXR) or Takeda
G protein-coupled receptor 5 (TGR5).>%>°7>%
For example, secondary bile acids can increase
the expression of uncoupling protein 1 (UCP1)
through TGR5 during browning of white adi-
pose tissue.”®>” TGR5 is expressed in several
organs and tissues, including the pancreas.®® In
fact, mice overexpressing TGR5 have an
increased insulin secretion.’’ Nevertheless, its
role on glucagon has been less studied. For
instance, alpha cells of pancreatic islets also
express TGR5, and it has been known that its
activation can induce the expression of prohor-
mone convertase enzymes (PC).”° Proglucagon
is produced by the cell-specific expression of
PCI and PC2 to produce GLP-1 and glucagon,
respectively.®>®®> There is evidence that a bile
acid analog can increase GLP-1 in alpha cells
by increasing the expression of PC1 via TGR5.?"
Interestingly, our study in mice demonstrated
that the increase in secondary bile acids can
induce the expression of PC2 and increase cir-
culating levels of glucagon. This effect was asso-
ciated with an increase in circulating amino
acids that are secretagogues of glucagon, such
as arginine, as we observed in our studies with
pancreatic islets.”” Thus, there is a synergistic
effect between the increase in secondary bile
acids from the gut microbiota and the increase
in certain amino acids to promote glucagon
secretion. This effect was observed in humans
fed a high protein diet, as we found an increase
in the formation of secondary bile acids by the
gut microbiota, particularly deoxycholic acid,
which was accompanied by an increase in cir-
culating levels of glucagon.

Interestingly, in our animal study, the use of
antibiotics partially reduced the effect of a high



protein diet on the circulating levels of gluca-
gon, possibly due to the abolition of secondary
bile acid synthesis. These results suggest that
some amino acids after consumption of a high-
protein diet increased the expression of several
AADE and urea cycle enzymes to prevent the
excessive elevation of amino acids. Interestingly,
the use of antibiotics in the animal model par-
tially prevented the increased expression of these
enzymes, indicating the role of the gut micro-
biota in the regulation of amino acid catabolism
through a decrease in secondary bile acid synth-
esis and its consequence on the modulation of
glucagon secretion.

In conclusion, our study reveals a complex
interaction between gut microbiota and hepatic
amino acid catabolism, highlighting
a communication pathway facilitated by second-
ary bile acids. We found that a protein-rich diet
increases the abundance of Parabacteroides dis-
tasonis, a bacterium responsible for the produc-
tion of secondary bile acids. These bile acids in
the presence of amino acids induce the release
of glucagon from the pancreas, which activates
gene expression of amino acid-degrading
enzymes to eliminate the excess circulating
amino acids, serving as a protective regulatory
response to the potential toxicity of a high-
protein diet. Future research, including studies
in germ-free mice and human trials with
Parabacteroides distasonis as a probiotic or the
use of a secondary bile acid supplement, will
further validate our findings on amino acid
metabolism. Our study highlights the dynamic
relationship between gut microbiota, amino acid
metabolism and hormone regulation, and pro-
vides valuable insights into physiological
responses to dietary protein intake.

4. Materials and methods
4.1. Animal model and dietary treatments

Male C57BL/6] mice 7-9 weeks old were bred and
used in the 4th generation, maintained on a 12 h light/
12 h dark cycle at 21°C and fed ad libitum for 10 days
on one of three diets containing different concentra-
tions of dietary proteins: a low-protein (6%), an ade-
quate protein (20%), or a high-protein (50%) diet
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according to the AIN (AIN-93) dietary recommenda-
tions for laboratory rodents®* (Supplementary Table
S1). Three mice per cage were housed

To evaluate the effect of gut microbiota on
amino acid catabolism, each group fed a different
protein concentration was divided with and with-
out antibiotics. A total of 120 mice were used and
divided into 20 animals for each dietary treatment
with or without antibiotic. Three mice per cage
were maintained to minimize the caged effect on
the gut microbiota study. Antibiotic treatment was
started on day 1. The antibiotic cocktail adminis-
tered in water consisted of ampicillin/sodium salt
(1 g/L) and neomycin (0.5 g/L) [25]. At the end of
the study, during the feeding period, after a 12-h
fast and a 3-h refeeding period, a blood sample was
collected from the portal vein, and immediately
centrifuged at 3000 rpm per 10 min to obtain the
serum samples. Additionally, liver and intestinal
samples were also collected. The samples were
stored at -70°C until analysis. To examine the
degree of colonic hypoxia, another group of mice
fed different concentrations of dietary protein were
injected intraperitoneally with pimonidazole
(60 mg/kg body weight) 90 min before euthanasia.

4.2. Energy expenditure

Energy expenditure of C57BL/6] mice was assessed by
indirect calorimetry. Animals were individually
housed for 48 hours in Plexiglas cages with an open
flow system connected to an Oxymax Laboratory
Animal Monitoring System (CLAMS, Columbus
Instruments, Columbus, OH, USA). Animals were
acclimated for 24 hours, fasted for 12 hours during
the light period, and fed during the dark period.
Oxygen consumption (VO,, mL/kg/h) and CO, pro-
duction (VCO,, mL/kg/h) concentrations were mon-
itored to calculate oxygen consumption and
respiratory exchange ratio. Measurements were
taken in each chamber at 22-minute intervals.
Energy expenditure (EE) was calculated using the
following equation: EE= (3.815 + 1.232*RER)*VO,.®°

4.3. Body composition analysis

The body composition of each mouse was evalu-
ated at the end of the study using magnetic reso-
nance imaging (EchoMRI, Echo Medical Systems,
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Houston, TX, U.S.A.) to measure lean and fat mass.
Mice were placed in a thin-walled plastic cylinder
with a cylindrical plastic insert to restrict move-
ment in a quantitative magnetic resonance imaging
system. Inside the cylinder, the animals were briefly
exposed to a low intensity electromagnetic field
(0.05 Tesla) for 2 minutes.*®

4.4. Biochemical and hormonal analyses

Serum total urea and glucose were measured in
a COBAS c111 photometric clinical chemistry ana-
lyzer. Serum glucagon was measured by ELISA
(EHGCG, Invitrogen, Carlsbad, CA).

4.5. Serum amino acid analysis

The amino acid profile was determined by using high
performance liquid chromatography (HPLC). An ali-
quot of serum was thawed and 100 uL of serum was
added to 25 pL of 10% sulfosalicylic acid to deprotei-
nize the sample. Samples were incubated for 30 min
under refrigeration and centrifuged at 14,000 rpm for
15 min at 4 °C. Then, 99 L of the supernatant was
taken and 1 pL of the internal standard (norvaline;
15 mm) was added; the sample was derivatized and
injected. The procedure was performed using
a sampling device (Agilent; G1367F) coupled to an
HPLC (Agilent 1260 Infinity, California, USA,) and
a fluorescence detector (Agilent; GI1321B).
A ZORBAX Eclipse AAA column was used and main-
tained at 40 °C. Chromatographic conditions were
maintained according to the technical instructions
for the column.

4.6. Histologic analysis

Colon tissues were fixed in 10% formalin overnight,
dehydrated in alcohol, cleared in xylene, and
embedded in paraffin. Tissues were sectioned (4 pm)
and stained with hematoxylin and eosin. Crypt length
was determined using analysis software by quantify-
ing the length of five crypts from four zones of four
animals per study group.

4.7. Hypoxia assay

Hypoxia was measured in longitudinal sections of
the colon, previously fixed in paraffin, from mice

previously injected with pimonidazole, using
Hypoxyprobe™ as an antibody as previously
described bys7’68 in a dilution (1:25).

4.8. Analysis of mitochondrial function

Mitochondrial respiration was determined in iso-
lated mitochondria from ileum and colon using the
Seahorse XFe96 Extracellular Flux Analyzer
(Agilent Technologies). Mice were euthanized and
40 mg of ileum and colon were placed in cold
mitochondrial isolation buffer (MIB1, 210
mM d-Manitol, 70 mm) and centrifuged at 800
x g for 10 min at 4°C. The tissue was then homo-
genized and centrifuged at 800 x g for 10 min at
4°C. The collected supernatant was centrifuged at
8000 x g (10 min at 4°C) and the pellet containing
mitochondria was washed three times with MIB1
and resuspended in mitochondrial assay solution
(MAS1, 220 mM d-mannitol, 70 mm sucrose,
10 mm KH2PO4, 5 mm MgCl2, 2 mm HEPES,
1 mm EGTA, 0. 2% BSA, pH 7.2) with the addition
of substrates (10 mm glutamate and 5 mm malate).
Six pg of isolated mitochondria were diluted in
MASI buffer with substrates and loaded per well
in the XFe96 plate. Platted mitochondria were cen-
trifuged at 2000 xg for 20 min at 4°C. Oxygen
consumption rate (OCR) was measured in seven
technical replicates for each mouse using the fol-
lowing compounds: ADP (4 mm), oligomycin
(2.5 uM), FCCP (3 uM), and antimycin A (1 pM)/
rotenone (1 pM). Four mitochondrial respiratory
states were calculated.

4.9. RNAseq analysis

Total RNA was extracted from intestinal sections
using the guanidinium thiocyanate/cesium chloride
gradient method. RNA integrity was assessed by
capillary electrophoresis QIAxcel (QIAGEN, MA
Germany). The corresponding 48 RNA libraries
were constructed according to Illumina’s TruSeq
Strand-Specific RNA sequencing library protocol
(https://support.illumina.com/downloads/truseq_
stranded_total_rna_sample_preparation_guide_
15031048.html). The RNA libraries were sequenced
on a HiSeq 2500 system at Lifesequencing S.L.
Paired-end reads of 101 base pairs (within a range
of 36,240,231-77,906,369 total reads) were generated



on this platform. Reads obtained from Illumina
were analyzed for quality control (QC), and filtering
of raw data was performed using FASTQC software,
and removal of contamination and adapters was
performed using internal Perl scripts. Filtered
reads were aligned using the Bowtie 1.1.234 aligner.
Quantification and normalization for replicates
were performed using eXpress 1.535 software.
Total effective counts for each sample were pooled
and a matrix was generated using the abundance_es-
timates_to_matrix.pl Perl script included in the
Trinity pipeline. The resulting matrix was used as
input for differential expression analysis, with the
following selected parameters: p-adj/FDR = 0.05;
logFC = 2; CPM = 1; differential expression analysis
was performed using limma-Voom version 3.38.3,
using the log2 counts per million normalization
method, and DESeq?2 version 1.22.2.%°

4.10. Quantification of fecal secondary bile acids

Fecal samples were processed by homogenization
in methanol, heating and centrifugation followed
by filtration. Targeted metabolomics analysis was
performed using a modified method based on that
developed by Ulaszewska et al .”° Briefly, 2 uL of
fecal sample extracts were injected into a Zorbax
Eclipse C18 hPLC column (Agilent Technologies).
The solvents used as mobile phases for chromato-
graphic separation were water (A) and acetonitrile
(B) (JT Baker), both containing 0.1% formic acid
(Sigma Aldrich). The gradient used was as follows:
0-1.5 min 25%B, 1.5-14min 75%, 14-16.8 min 80%
B, 16.8-25 min 100%, 25-27.1 min 75%B, and 27.1--
28 min 25%B. Multiple Reaction Monitoring
(MRM) experiments were performed in a QTRAP
6500+ (ABSciex) in negative ionization mode at
-4500 V, 550°C TEM, CAD low, CUR gas 35 psi,
gas 1 and gas 2 60 psi, and EP -10 V. The mon-
itored transitions were as follows (parent ion/frag-
ment): cholic acid mz = 407.3/407.3,
ursodeoxycholic acid mz = 391.3/391.3, cheno-
deoxycholic acid mz = 391.3/391.3, deoxycholic
acid mz = 391.3/391.3 and 345, and lithocholic
acid mz = 375.3/375.3. Calibration curves were
constructed using chemical standards (Sigma
Aldrich) for the different metabolites diluted in
methanol in the range of 0.0045-10 uM for fecal
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samples. The acquired data were processed using
SciexOS. The concentration of all compounds was
estimated linearly from the peak areas.

4.11. Quantification of serum secondary bile acids

The isolation of bile acids from serum was through
modifications to the technique described by Batta
AK.”" 100 ul of serum were added to hyodeoxy-
cholic acid (100 pg in 10 pl of methanol), 100 mm
acetate buffer pH 5.6 (200 ul), 1.86% EDTA
(100 pl). 0.87% p-mercaptoethanol (100 pl) and
100 mg cholylglycine hydrolase and 100 mg p-
glucuronidase. The resulting suspension was incu-
bated at 37°C for 18 hours. The reaction mixture
was then filtered through prewashed reverse-phase
Sep-Pak C18 cartridges and the release of bile acids
was eluted with 700 pl of acetone. After evapora-
tion of the acetone, 100 pl of n-butanol and 20 pl of
a 40 % solution of hydrochloric acid in dioxane
were added and incubated at 60° C for 4 hours and
then kept at room temperature overnight. After
evaporation of the solvents at 60°C, the esterified
bile acids were subjected to trimethylsilyla-
tion (TMS).

With this aim, the esterified bile acids were
added 100 ul of Sil-Prep [hexamethyldisilazone-
trimethylchlorosilane-pyridine (3:1:9)] and incu-
bated for 30 min at 55°C. The solvents were eva-
porated at 55°C under N, stream and the TMS
formed were recovered in 100 ul of hexane and
5 ul were injected into the chromatographic col-
umn. The retention times and concentration of the
different bile acids were calculated in relation to
hyodeoxycholic acid.

An Agilent Technologies model 6890 gas chro-
matograph equipped with a flame ionization
detection system and an injector with a split/split-
less device for capillary columns was used for all
separations. The chromatographic column con-
sisted of a cyclodextrin capillary column directly
bound to dimethylpolysiloxane, DB-225MS (30m
X 025 mm LD, df 025 pm) (Agilent
Technologies) and hydrogen was used as carrier
gas. The GC operating conditions were: injector
and detector temperatures 260°C and 290°C,
respectively. After injection, the oven temperature
was maintained at 100°C for 2 min, and then



20 (&) S.TOBON-CORNEJO ET AL.

programmed at a ramp rate of 35°C/min to reach
a temperature of 278°C.

4.12. Total fecal protein concentration

Stool samples were dissolved in water suitable for
molecular biology and homogenized using
a TissueLyser at a frequency of 30 hz for 2 minutes,
centrifuged at 10000 g/10 min/4 °C. The supernatant
was recovered and stool protein concentration was
determined according to the Lowry assay (Bio-Rad)
and normalized per microgram of stool.

4.13. Gut microbiota sequencing 16S rRNA
sequencing

From total DNA of each subject, the V3 and V4
regions of the 16S rRNA ribosomal gene were
amplified  using  specific =~ forward (5
TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGCCTACGGGNGGCWGCAG 3')
and reverse primers (5
GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGGACTACHVGGTATCTAATC

C 3') containing the Illumina adapter overhang
nucleotide sequences. Ampure XP beads were used
to purify 16S V3-V4 amplicons, which were quan-
tified by high-resolution capillary electrophoresis
(QIAxcel, QTAGEN, Germany). The amplicon size
was approximately 550 bp. An index PCR was then
performed to attach the dual indices using
a Nextera XT v2 kit. The amplicon was approxi-
mately 610 bp, and the concentration of double-
stranded DNA was measured using a Qubit 3.0
fluorometer with a high sensitivity kit. The final
library of amplicons was pooled at equimolar con-
centrations. Sequencing was performed on the
IMlumina MiSeq platform (MiSeq Reagent Kit V.3,
600 cycles) at 15 pM with 20% Phyx infection
according to the manufacturer’s instructions to
generate paired end reads of 300 bases in each
direction.

4.14. Bioinformatic analysis of gut microbiota

Custom C# and Python scripts in the QIIME pipe-
line 1.9 software’? were used to analyze the taxo-
nomic composition of the sequencing files.
Sequences were subjected to quality filtering and

chimera detection using Gold.fa. Operational taxo-
nomic units (OTUs) were generated by clustering
sequences with percent sequence similarity using
the Usearch method in QIIME.”® The GreenGenes
v.13.9 database was used for OTU selection, and
97% of OTUs were selected. Species richness
(observed, Chaol) and alpha diversity (Shannon)
were calculated, and principal coordinate analysis
(PCoA) was performed using weighted and
unweighted UniFrac distances. ANOSIM deter-
mined statistically significant clusters based on
microbiota structural distances. Finally, PICRUSt
(Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) analysis
revealed possible metabolic pathways activated in
the gut microbiota by diets with different protein
content.>

4.15. Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from pancreas with TRIzol
reagent according to the manufacturer’s instructions
(Thermo Fisher Scientific, California, USA), and 3 ug
of total RNA was used to synthesize cDNA by reverse
transcription. The cDNA samples were then subjected
to quantitative real-time polymerase using SYBR
Green I Master and specific primers to assess the
expression of prohormone convertase 2 (PC2) using
the SYBR LightCycler® 480, Roche Thermocycler.
Relative mRNA expression levels were normalized to
those of the internal control 3684 gene. The sequences
of the  primers were PC2  forward
5°AGACAATGGGAAGACGGTTG3 and reverse
5CTTGAAGCATAGCCGTCACA 3’; 36B4 forward
5’AGATTCGGGATATGCTGTTGG 3 and reverse
AAAGCCTGGAAGAAGGAGGTC 3.

In order to quantify the abundance
Parabacteroides distasonis, fecal DNA was
extracted using the QIAGEN Power Fecal DNA
extraction kit according to the manufacturer’s
instructions. The primers sequence was F: 5-
TGATCCCTTGTGCTGCT-3> and R: 5-
ATCCCCCTCATTCGGA-3" were used for PCR-
based amplification. Real-time PCR was performed
using SYBER Green assay (Roche). The PCR con-
ditions included 95 °C for 3 min, then, followed by
45 cycles by amplification of denaturation at 95 °C
for 10 s, annealing at 56 °C for 10 s, and extension
at 72 °C for 10 s. Final extension was per 2 min.



4.16. Glucagon secretion

Islets were isolated from male C57BL/6] mice
(8 weeks old) as previously described.”* Briefly,
the pancreas was infused through the bile duct
with Hank’s balanced salt solution (HBSS,
Corning”, cat. no. 21-021-CV) with BSA 0.5 % and
CaCl, 0.36 mm and Collagenase type V (1.5 mg/
mL; Sigma, cat. no. C9263). Then, the pancreatic
tissue was removed and digested with 5 mL of
supplemented HBSS for 15 min at 37 °C slightly
shaken by hand every 5 min. The digested tissue
was washed twice with HBSS with BSA 0.5 % and
CacCl, 0.36 mm by centrifugation at 900 rpm for 30
s at 4 °C and the pellet was resuspended in 15 mL of
HBSS. The islets were separated by pouring the
resuspended pellet in a pre-wetted 70 um cell strai-
ner (Corning, cat. no. 431751) and washed twice
the with 25 ml of the same solution. Afterward, the
cell strainer was turned upside down and the iso-
lated islets were collected with 3 ml of RPMI 1640
medium supplemented with 10% fetal calf serum,
1 mm sodium pyruvate, 50 mm 2-mercaptoetha-
nol, 2 mm glutamine, 10 mm HEPES, and 100 U/
mL penicillin, and 100 mg/mL streptomycin. After
24 hours, the islets were handpicked under a micro-
scope to exclude any contaminating tissue.

To evaluate glucagon secretion, 10 islets per condition
were washed and incubated in Krebs balanced salt solu-
tion (NaCl 130 mm, KCI 3.4 mm, NaH,PO4 0.5 mm,
MgSO4 1.0 mm, HEPES 10 mm, Na,CO5 5 mm, CaCl,
1.5 mm) with glucose 12 mm for 1 h at 37°C. Islets were
then incubated with either 12 mm glucose (HG), 1 mm
glucose (LG), 1 mm glucose + 10 mm arginine (LG
+Arg), 1 mm glucose + lithocholic acid (LCA) 5 uM
(LG+LCA), or glucose 1 mm + arginine 10 mm + LCA
5 M (LG+Arg+LCA) for 2 hours at 37°C. To stop
glucagon secretion, islets were placed on ice and then
centrifuged at 2000 rpm for 2 min at 4°C. The medium
was collected and frozen for determination of glucagon
concentration using an ELISA kit (ALPCO, No. Cat. 48-
GLUHU-EO01). Total glucagon content was determined
in an aliquot obtained by addition of acidified ethanol
(75% ethanol/1.5% HCI) to the islet pellet. Glucagon
secretion was expressed as the percentage of glucagon
secreted into the media with respect to the sum of total
and secreted glucagon content. Experiments were per-
formed in quadruplicate and repeated to ensure

reproducibility.
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4.17. Western blot analysis

Total protein was extracted from the liver using
lysis buffer containing a protease inhibitor cock-
tail (Roche, Germany). Twenty micrograms of
extracted protein were loaded onto SDS-PAGE
gels (10%) and transferred to a polyvinylidene
difluoride membrane (Bio-Rad, Hercules, CA).
Blocking with 5% nonfat dry milk and antibody
incubation were performed. The membranes
were further probed with antibodies against
HNF4a (sc-8987 1:1000), SDS, HAL (sc-133646
1:1000), CPS1 (sc-376190 1:5000), GAPDH (sc-
365062 1:1000) (Santa Cruz Biotechnology,
Dallas, TX, and Waltham, MA, USA). Proteins
of interest were detected with goat anti-mouse
IgG H&L antibody (ab6789 1:15000) or rabbit
anti-goat IgG antibody (sc-2768, 1:3500) from
Santa Cruz Biotechnology and Abcam, USA.
Antibody detection reactions were performed
using Immobilon Western chemiluminescent
substrate from HRP (Millipore, Temecula, CA).
Chemiluminescence  was  digitized using
a ChemiDoc MP imaging system (Bio-Rad,
Hercules, CA) and analyzed using Image]
software.

4.18. Human studies and dietary protein
intervention

A before-and-after clinical trial was conducted to
evaluate the effect of a high-protein diet.
Participants were recruited between August and
September 2023. Participants who met all eligibility
criteria were selected and enrolled. Inclusion criteria
were as follows: age over 18 years, with a body mass
index (BMI) below 30 kg/mz. Exclusion criteria
were subjects diagnosed with any chronic disease,
taking any medication or antibiotics 3 months prior
to the study, subjects with creatinine >1.3 mg/dL for
men and >1 mg/dL for women, and urea nitrogen
>20 mg/dL, and smokers. The study consisted of
a 14-day intervention divided into two phases. The
first phase of 1 week (0 - 7 days) was a diet with
total energy intake based on their total energy
expenditure measured by indirect calorimetry,
which included a macronutrient distribution of
50% carbohydrate, 30% fat and 20% protein. And
the second phase of 1 week (7 - 14 days)
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recommended a diet with total energy intake based
on their total energy expenditure measured by
indirect calorimetry, and a macronutrient distribu-
tion of 40% carbohydrate, 30% fat and 20% protein
and added 10% more protein supplemented with
calcium caseinate. Each participant underwent
a health assessment. Anthropometric measurements
were taken, including height and weight (Seca 700,
Germany). Body mass index (BMI) was calculated
by dividing weight (kg) by height squared (m?). On
days 0 and 14, anthropometric and biochemical
parameters were assessed. Fasting blood was col-
lected in the morning from a peripheral vein and
centrifuged at 3,000 rpm for 10 minutes. The result-
ing serum was aliquoted and stored at -80°C until
analysis. Serum biochemical and hormonal para-
meters were measured is indicated above. Stool
samples were collected for subsequent determina-
tion of secondary bile acids and gut microbiota at
baseline and final visits. Stool samples were col-
lected in a 5 ml cryovial prefilled with 95% ethanol
and stored at -80 °C until analysis.

5. Statistical analysis

Animal results obtained in this study are presented as
mean + SEM. One-way ANOVA followed by Tukey’s
post hoc test for multiple comparisons and variable
interactions was used to examine the effects of treat-
ments. A two-way ANOVA was used to assess the
interaction between the protein intake and antibiotic
use for AADE and circulating levels of amino acids
followed by Tukey’s post hoc test. For anthropo-
metric, biochemical, and hormonal parameters in
humans, the paired Student’s t-test analysis was used
to compare between baseline and final visit. Statistical
analyses were performed using SPSS version 22.0 soft-
ware (SPSS Inc., Chicago, IL, U.S.A.) or GraphPad
Prism 9, and statistical significance was set at p < 0.05.
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