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A Western Diet (WD) low in fiber but high in fats and sugars contributes to obesity and
non-alcoholic fatty liver disease (NAFLD). Supplementation with grape polyphenols (GPs)
rich in B-type proanthocyanidins (PACs) can attenuate symptoms of cardiometabolic
disease and alter the gut microbiota and its metabolites. We hypothesized that
GP-mediated metabolic improvements would correlate with altered microbial metabolites
such as short chain fatty acids (SCFAs). To more closely mimic a WD, C57BL/6J
male mice were fed a low-fiber diet high in sucrose and butterfat along with 20%
sucrose water to represent sugary beverages. This WD was supplemented with 1% GPs
(WD-GP) to investigate the impact of GPs on energy balance, SCFA profile, and intestinal
metabolism. Compared to WD-fed mice, the WD-GP group had higher lean mass along
with lower fat mass, body weight, and hepatic steatosis despite consuming more calories
from sucrose water. Indirect and direct calorimetry revealed that reduced adiposity
in GP-supplemented mice was likely due to their greater energy expenditure, which
resulted in lower energy efficiency compared to WD-fed mice. GP-supplemented mice
had higher abundance of Akkermansia muciniphila, a gut microbe reported to increase
energy expenditure. Short chain fatty acid measurements in colon content revealed that
GP-supplemented mice had lower concentrations of butyrate, a major energy substrate
of the distal intestine, and reduced valerate, a putrefactive SCFA. GP-supplementation
also resulted in a lower acetate:propionate ratio suggesting reduced hepatic
lipogenesis. Considering the higher sucrose consumption and reduced butyrate
levels in GP-supplemented mice, we hypothesized that enterocytes would metabolize
glucose and fructose as a replacement energy source. lleal mMRNA levels of glucose
transporter-2 (GLUT2, SLC2A2) were increased indicating higher glucose and fructose
uptake. Expression of ketohexokinase (KHK) was increased in ileum tissue suggesting
increased fructolysis. A GP-induced increase in intestinal carbohydrate oxidation was
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FIGURE 4 | GP supplementation decreased intestinal concentrations of specific SCFAs and lactate. (A) Concentrations of individual SCFAs and BCFAs in colon
content. (B) Total SCFA and BCFA concentration. (C) Ratio of acetate to propionate. (D) Lactate concentrations in duodenum and colon tissues and in cecal content.
Data are presented as mean + SD. Significant difference was determined by unpaired, two-tailed, t-test with Welch’s correction; *p < 0.05, *p < 0.01.

GPs Upregulate Intestinal Metabolism of
Carbohydrates

Butyrate is largely oxidized by the ileum and colon for energy (14,
15); therefore, we hypothesized that the GP-induced reduction
in butyrate would trigger intestinal epithelial cells to metabolize
other energy substrates. Indeed, multiple molecular changes
noted within intestines of GP-treated mice supported a shift to
carbohydrate metabolism.

Expression of genes for glucose and fructose transporters
including sodium-glucose transporter 1 (SGLT1; SLC5AI),
glucose transporter-2 (GLUT2; SLC2A2) and GLUT5 (SLC2A5)
were analyzed in duodenum, jejunum, ileum, and colon
tissue. mRNA levels of these transporters were unchanged
in all tissue (Supplementary Table5), except for in the
ileum where SLC2A2, an apical and basolateral glucose and
fructose transporter (45), was significantly increased by GP-
supplementation (Figure 5C). Enzymes hexokinase (HK3) and
ketohexokinase (KHK) phosphorylate glucose and fructose upon
entrance into cells to prepare for glycolytic and fructolytic
pathways. Compared to WD-fed mice, ileal tissues of mice
fed WD-GP showed increased mRNA levels of KHK and a
trend of increased HK3 (p = 0.063), suggesting greater glucose
and fructose utilization (Figure 5C). Glucose-6-phosphatase
(G6Pase; G6Pc) mRNA levels were similar in liver, duodenum,
jejunum, and ileum tissues (Supplementary Table 5) indicating
no significant difference in gluconeogenesis or glucose release
into circulation.

Pyruvate dehydrogenase complex (PDH) is a multi-subunit
enzyme within the mitochondrial matrix that catalyzes the
conversion of pyruvate to acetyl-coA during oxidative glucose

metabolism. Compared to WD-fed mice, GP-supplemented mice
had increased duodenal PDH complex component X (PDHx)
mRNA, which is indicative of increased oxidative capacity
(Figure 5A). WD and WD-GP had similar PDHx mRNA levels
in jejunum and ileum (Supplementary Table 5).

Lactate dehydrogenase (LDH) subunit a catalyzes the
interconversion of pyruvate to lactate and LDH subunit b
catalyzes the opposite reaction, therefore the ratio of Ldha/Ldhb
is used to determine the dominant direction of pyruvate-to-
lactate interconversion. GP-supplemented mice had a decreased
Ldha/Ldhb gene transcript ratio in jejunal and colon tissue
(Figures 5B,D) and reduced L-lactate concentrations within
duodenal and colon tissues (Figure4D), suggesting reduced
anaerobic respiration. WD and WD-GP groups had similar L-
lactate concentrations in cecal content (Figure 4D), indicating
that reduced lactate levels in tissue was not simply due to
reduced microbial lactate production. Overall, these data suggest
intestinal oxidation of glucose and fructose was increased in
GP-supplemented mice.

DISCUSSION

In this study we investigated multiple mechanisms by which
GPs could mitigate WD-induced disruptions to energy balance.
In vitro studies have shown that PAC-rich polyphenol extracts
can inhibit digestive enzymes required for intestinal nutrient
absorption (46, 47); however, GP supplementation did not affect
absorptive efficiency in WD-fed mice. Rather, reduced weight
gain in GP-supplemented mice was associated with increased
EE. HFD-induced mitochondrial dysfunction leads to increased
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FIGURE 5 | Intestinal gene expression. gPCR analyses showing relative mRNA levels of indicated genes or gene ratios expressed in (A) duodenum (B) jejunum, (C)
ileum and (D) colon tissues of mice fed WD or WD-GP (n = 6-8 mice per group). Data represent technical duplicates analyzed by 2-2CT method. Data are presented
as mean =+ SD. Significant difference was determined by an unpaired, two-tailed, t-test with Welch’s correction; *p < 0.05, **p < 0.01.

anaerobic glycolysis (48), decreased EE (49), and contributes
to NAFLD and cardiometabolic disease (50-52). Antioxidant
polyphenols protect mitochondrial functions (53), which likely
attenuate the HFD- or WD-induced decline in EE. GPs decreased
HFD-induced accumulation of reactive oxidative species in the
gut (6) and thus may protect intestinal mitochondrial oxidative
capacity. Similar to GP-supplementation, mice fed a HFHS-
diet supplemented with a PAC-rich camu camu extract had
increased EE in association with a bloom in A. muciniphila
(32). Treatment of diet-induced obese mice with pasteurized
A. muciniphila increased whole-body EE (54), suggesting that
the observed GP-associated increase in EE is directly related to
A. muciniphila. Thus, reducing intestinal oxidative stress and
increasing A. muciniphila are two mechanisms by which GPs

may improve energy balance. Additional studies are needed to
determine whether there is a causal relationship between GP-
induced changes in SCFA concentrations and EE.
GP-supplemented mice had less hepatic steatosis despite
increased sucrose water consumption. Recent findings showed
that the small intestine can convert 90% of fructose to
glucose to shield the liver from toxic fructose exposure,
though excess fructose can reach the colonic microbiota and
be metabolized into SCFAs (55). Fructose and fecal SCFAs
have been linked to NAFLD (29, 56). GP-supplemented mice
consumed more fructose via sucrose water, but OGT was
not altered supporting the idea that carbohydrates were being
metabolized by the intestine rather than being shuttled to the
liver. Indeed, increased intestinal transcription of markers for
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FIGURE 6 | lllustration of genes and products involved in carbohydrate
metabolism.

carbohydrate uptake, metabolism, and oxidation suggest GP
supplementation increased carbohydrate utilization. Figure 6
illustrates glucose and fructose transporters (GLUT2, GLUT5)
and the enzymes (in red text) that were found to be altered by
GP supplementation.

Butyrate concentrations measured in colon content of WD
and WD-GP groups of mice (23.5-209 ng/mg of colon
content) were comparable to other mouse studies reporting
a mean of ~112 pg/mg (57). GPs reduced concentration
of butyrate almost 4-fold on WD. As GP supplementation
promoted depletion of butyrate, a major fuel source for
ileal and colon cells (14, 15), we hypothesized that this
triggered intestinal cells to seek carbohydrates as a fuel source.
Furthermore, butyrate has been shown to inhibit activity of
the PDH complex (58), which was consistent with the inverse
relationship between butyrate levels and carbohydrate oxidation
observed in GP-supplemented mice. Less portal vein transport of
fructose and butyrate and the decreased acetate:propionate ratio
together likely contributes to reduced hepatic fat accumulation
observed in GP-supplemented mice. Future studies measuring
fructose, glucose and SCFAs in different milieus (ie., ileal
and cecal content, portal blood and circulation) would be
useful to determine if a GP-induced reduction in SCFAs
and increased intestinal carbohydrate metabolism can together
contribute to reduced delivery of lipogenic substrates to
the liver.

Lower butyrate levels indicate decreased microbial-energy
harvest in mice fed WD-GP, which may explain similarities with

antibiotic-treated mice that receive less energy substrate from the
gut microbiota.

Similar to GP-treated mice, antibiotic treated mice showed
weight loss and a bloom in A. muciniphila (59). We previously
noted reduced a-diversity but unchanged total bacterial load in
the gut microbiome of GP-treated mice, suggesting GPs may
exert an antimicrobial effect on certain microbial members while
providing an expanded niche for A. muciniphila (4, 8). Similar to
GP-supplemented mice, diminished butyrate levels in antibiotic-
treated mice was associated with increased transcription of
glycolytic enzymes such as hexokinase, indicating increased
carbohydrate metabolism (60). These studies suggest that
when gut microbial metabolism is reduced, the proximal
intestine compensates by absorbing and metabolizing more
dietary carbohydrates.

Interestingly, the antidiabetic drug metformin or Roux-
en-Y gastric bypass (RYGB), are associated with increased
abundance of A. muciniphila (61, 62), upregulated carbohydrate
metabolism (63-65), reduced SCFA levels (66, 67), lower
intestinal lactate concentrations (68), and an elevated EE
independent of UCP1 protein levels (68). Increased carbohydrate
metabolism from RYGB was said to be triggered by Roux limb
exposure to undigested nutrients in the small intestine (64).
Increased gastrointestinal transit time and cecal size in GP-
supplemented mice also suggests increased contact between the
small intestine and luminal contents. While these parallels may
be coincidental, they also suggest common mechanisms across
these interventions.

In this study the WD, delivering 46% kcal fat from mainly
butter and 35% kcal carbohydrate from mainly sucrose, caused
fatty liver independent of hyperglycemia. Previously, mice fed
a HFD containing 62% kcal fat from lard, and 7.6% kcals from
sucrose, had worse OGT than LFD-fed mice while mice fed
HFD supplemented with GPs showed better OGT than HFD-fed
controls (4, 5, 69). Energy provided by the HFD (21 kJ/g) used
in prior studies (4, 5, 69) and the WD (20 kJ/g) used in this study
were comparable. We considered that the lower fat concentration
of the WD protected mice from glucose intolerance; however,
this may not be an adequate explanation. Mice fed a HFHS
diet with a similar macronutrient ratio (45% kcals from lard fat
and 35% carbohydrate mainly from sucrose) developed glucose
intolerance compared to LFD-fed mice after just 7 weeks (70).
Alternatively, the fatty acid composition of butter used in the WD
formulation may be less disruptive to glucose homeostasis than
lard as a meta-analysis showed a positive correlation between
moderate butter intake and reduced type 2 diabetes-incidence
(71). Supplementary Table 3 shows the fatty acid composition
of lard vs. butter, which contains butyric acid. Mice in the
WD and WD-GP-groups consumed on average 0.3-0.4 g butyric
acid /kg BW per day. Oral supplementation of butyrate has
been reported to be protective against both NAFLD (72) and
insulin resistance (73), yet increased levels of butyrate-producing
bacteria and levels in feces has also been linked to these diseases
(23-25, 27-29). Providing dietary butyric acid in butterfat may
have protected mice fed WD and WD-GP against hyperglycemia.
The studies suggest that butyrate may have differential affects
in the context of different diets and delivery to the proximal
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intestine via dietary consumption vs. to the distal intestine via
microbial production. Studies which compare effects of butyrate
in the proximal verses distal gut on obesogenic diets are required
to answer these questions.

In summary, GP-induced changes to the SCFA profile
may contribute to metabolic resilience by increasing intestinal
carbohydrate oxidation and reducing hepatic delivery of
lipogenic carbohydrates and butyrate while the bloom in A.
muciniphila may be responsible for the improved EE. These data
provide evidence for the intestinal milieu’s involvement in GP-
mediated health benefits as well as insight into the roles of SCFAs
in obesogenic conditions. Further understanding GP bioactivity
within the intestine will contribute to evidence-based dietary
recommendations and clinical applications.
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