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Abstract

Context : Chronic high-fat diet (HFD) consumption causes obesity associated with retention of bile acids (BAs) that suppress important
regulatory axes, such as the hypothalamic—pituitary-adrenal axis (HPAA). HFD impairs nutrient sensing and energy balance due to a
dampening of the HPAA and reduced production and peripheral metabolism of corticosterone (CORT).

Objective: We assessed whether proanthocyanidin-rich grape polyphenol (GP) extract can prevent HFD-induced energy imbalance and HPAA
dysregulation.

Methods: Male C57BL6/J mice were fed HFD or HFD supplemented with 0.5% w/w GPs (HFD-GP) for 17 weeks.

Results: GP supplementation reduced body weight gain and liver fat while increasing circadian rhythms of energy expenditure and HPAA-
regulating hormones, CORT, leptin, and PYY. GP-induced improvements were accompanied by reduced mRNA levels of /16, I/1b, and Tnfa in
ileal or hepatic tissues and lower cecal abundance of Firmicutes, including known BA metabolizers. GP-supplemented mice had lower
concentrations of circulating BAs, including hydrophobic and HPAA-inhibiting BAs, but higher cecal levels of taurine-conjugated BAs
antagonistic to farnesoid X receptor (FXR). Compared with HFD-fed mice, GP-supplemented mice had increased mRNA levels of hepatic
Cyp7al and Cyp27al, suggesting reduced FXR activation and more BA synthesis. GP-supplemented mice also had reduced hepatic Abcc3
and ileal /babp and Ostp, indicative of less BA transfer into enterocytes and circulation. Relative to HFD-fed mice, CORT and BA metabolizing
enzymes (Akr1d7 and Srd5aT) were increased, and Hsd77b7 was decreased in GP supplemented mice.

Conclusion: GPs may attenuate HFD-induced weight gain by improving hormonal control of the HPAA and inducing a BA profile with less
cytotoxicity and HPAA inhibition, but greater FXR antagonism.
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CDCA, chenodeoxycholic acid; CV, calorific value; CYP7A1, cytochrome P450 family 7 subfamily A member 1; CYP27A1, cytochrome P450 family 27 subfamily A
member 1; CORT, corticosterone; CRH, corticotropin-releasing hormone; DCA, deoxycholic acid; FXR, farnesoid X receptor; GCA, glycocholic acid; GCDCA,
glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GHCA, glycohyocholic acid; GLCA, glycolithocholic acid; GUDCA, glycoursodeoxycholic acid; GP,
grape polyphenol; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; HFD, high-fat diet; HPG, hypothalamic pituitary gonadal;, HPAA, hypothalamic—pituitary—
adrenal axis; HPLC, high-performance liquid chromatography; IL, interleukin; IS, internal standard; LCMS, liquid chromatography mass spectrometry; LFD, low
fat diet; MS, mass spectrometer; NCA, nutracholic acid; NTS, nucleus of the solitary tract; OATP, organic anion transport protein; PBA, primary bile acid; PBS,
phosphate-buffered saline; PYY, peptide YY; RER, respiratory exchange ratio; SBA, secondary bile acid; SCFA, short chain fatty acid; SPI, soy protein isolate;
SRD5AT1, steroid 5 alpha-reductase 1; TaMCA, tauro-alpha-muricholic acid; TBMCA, tauro-beta-muricholic acid; ToMCA, tauro-omega-muricholic acid; TBA,
total bile acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; THDCA, taurohyodeoxycholic acid; TLCA,
taurolithocholic acid; TNF, tumor necrosis factor; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid.

Excessive fat and sugar intake leads to obesity and associated ~  nutrition, supplements, and drug development. Grape poly-
comorbidities [1, 2]. Understanding how dietary polyphenols phenols (GPs) rich in B-type proanthocyanidins were found
improve metabolic health can inform recommendations for ~ to attenuate diet-induced body weight gain, gut dysbiosis,
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fatty liver, glucose intolerance, and inflammation in male
CS57BL/6 mice [3-6]. These metabolic improvements were
linked to increased energy expenditure, improved enteroendo-
crine sensitivity, altered bile acid (BA) and short chain
fatty acid (SCFA) composition, and favorable gut microbial
profiles [3-9].

The hypothalamic—pituitary—adrenal axis (HPAA) plays a
central role in energy balance and is influenced by enteroendo-
crine hormones and steroid hormones such as BAs and gluco-
corticoids [10-12]. GP-induced metabolic improvements may
involve modulations to the HPAA and its regulatory hor-
mones. The HPAA coordinates energy resource allocations
among organs (eg, liver, fat, intestine) based on factors such
as waking vs sleeping hours, feeding, physical activity, injury,
and disease [13, 14]. The HPAA operates in a circadian man-
ner, with peak activity during daylight in humans and night-
time in rodents [15]. Upon stimulation, the paraventricular
nucleus of the hypothalamus releases corticotropin-releasing
hormone (CRH), which triggers release of adrenocortico-
tropic hormone from the pituitary gland, leading to the release
of glucocorticosteroids from the adrenal glands [15]. Cortisol
is the primary glucocorticoid in most mammals; however, ro-
dents lack 17a-hydroxylase in the adrenal cortex to produce
sufficient amounts of cortisol; as such, corticosterone
(CORT) is regarded as the physiological marker of HPAA
function in rodents [16]. Feedback regulation of the HPAA in-
volves CORT [15], as well as peripheral hormones like leptin
and peptide YY (PYY), produced by adipocytes and entero-
cytes, respectively [10, 11]. CORT levels are also regulated
within the adrenal glands, liver, brain, and adipose by en-
zymes responsible for its deactivation (11B-HSD2), activation
(11p-HSD1), or clearance (5a- and S5B-reductase) [17].
11B-HSD1 and Sa- and 5B-reductases are also important for
BA homeostasis as they convert cytotoxic BA intermediates
to BA species important for emulsifying fats [18].

The metabolic stress imposed by chronic HFD intake im-
pairs regulation of the HPAA and BA homeostasis via several
mechanisms. Both BA metabolism and the HPAA are influ-
enced by the circadian clock system which is uncoupled by
HFD feeding [19-21]. Initially, the body responds to HFD
by increasing CRH, CORT, and leptin production to increase
energy expenditure and counteract weight gain [22-24].
However, prolonged HFD consumption leads to chronically
elevated CORT levels, densitized feedback mechanisms, and
eventual adrenal exhaustion, insufficiency, and finally reduced
CORT levels and energy imbalance [12, 25, 10, 17, 21, 26].
Leptin-resistance [10] and reduced PYY levels [27] from
chronic HFD feeding further dysregulates the HPAA. HFD
also elevates BA concentrations, which can be toxic to both
host and gut bacteria [28]. BAs may spillover from liver to cir-
culation and increased blood brain barrier permeability to
BAs that suppress the HPAA [12, 29-31]. Increased BA levels
further hinder HPAA homeostasis by saturating the enzymes
in peripheral organs responsible for CORT clearance [12].
To investigate whether GP supplementation protects against
HFD-induced HPAA disruption, markers of HPAA activity,
BA metabolism, and levels of BAs and SCFAs were measured.

Materials and Methods

GP Extract and Characterization

As previously described [4], GPs were extracted from frozen
grape pomace (kindly provided by Welch Foods Inc.,
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Concord, MA, USA). Colorimetric assays were used to meas-
ure total polyphenols using the Folin Ciocalteu assay using
gallic acid as standard [32], and B-type proanthocyanidin
levels using the 4-dimethylaminocinnamaldehyde assay [33]
using B-type proanthocyanidins (Cayman Chemicals, catalog
#19865) as standard. Dried GP extract comprised 14% (w/w)
total polyphenols. To obtain a detailed biochemical profile,
samples were also analyzed by a ultrahigh-pressure liquid
chromatography mass spectrometry (UPLC/MS) system in-
cluding the Dionex UltiMate 3000 RSLC UPLC system, con-
sisting of a workstation with ThermoFisher Scientific’s
Xcalibur v. 4.0 software package combined with Dionex’s
SII LC control software, solvent rack/degasser SRD-3400,
pulseless chromatography pump HPG-3400RS, autosampler
WPS-3000RS, column compartment TCC-3000RS, and
photodiode array detector DAD-3000RS. After the photo-
diode array detector the eluent flow was guided to a Q
Exactive Plus Orbitrap high-resolution high-mass accuracy
mass spectrometer (MS). Mass detection was full MS scan
with low energy collision induced dissociation from 100 to
1000 m/z in negative ionization mode with electrospray
interface. Sheath gas flow rate was 30 arbitrary units, auxil-
iary gas flow rate was 7, and sweep gas flow rate was 1.
The spray voltage was —3500 V with a capillary temperature
of 275 °C. The mass resolution was 70000, or higher.
Substances were separated on a Phenomenex Kinetex C8 re-
verse phase column, size 100 X 2 mm, particle size 2.6 mm,
pore size 100 A. The mobile phase consisted of 2 compo-
nents: solvent A (0.5% ACS grade acetic acid in liquid chro-
matography mass spectrometry [LCMS] grade water, pH
3-3.5), and solvent B (100% acetonitrile, LCMS grade).
The mobile phase flow was 0.20 mL/min, and a gradient
mode was used for all analyses. The initial conditions of the
gradient were 95% A and 5% B; for 30 minutes the propor-
tion reaches 5% A and 95% B, which was kept for the next
8 minutes, and during the following 4 minutes the ratio was
brought to initial conditions. An 8-minute equilibration inter-
val was included between subsequent injections. The average
pump pressure using these parameters was typically around
3900 psi for the initial conditions. Putative formulas of poly-
phenols were determined by performing isotope abundance
analysis on the high-resolution mass spectral data with
Xcalibur v. 4.0 software and reporting the best fitting empir-
ical formula. Database searches were performed using www.
reaxys.com (Elsevier Life Sciences IP Limited) and SciFinder
(American Chemical Society). Polyphenol species, detected
by UPLC/MS, in the GP extract used in this study, included
a mixture of catechin/epicatechin monomers and proantho-
cyanidin B-type dimers, followed by trimers, dimer gallates,
trimer gallates, tetramers, pentamers, as well as stilbenes
and oligostilbenes (Fig. 1 [34]).

Diets

As previously described [4], GP extract was sorbed to soy pro-
tein isolate (SPI) to produce a GP-SPI complex standardized to
deliver 5% GPs, of which approximately 72% were proantho-
cyanidins as determined by colorimetric assays. Nutritional ana-
lysis was performed on SPI and GP-SPI (Medallion Laboratories;
Table 1 [34]) and this information was used to formulate
ingredient-matched murine diets (Research Diets, NJ, USA): (1)
low-fat diet (LFD), (2) HFD (62% kcal fat), and (3) HFD con-
taining 10% w/w GP=SPI to deliver 0.5% w/w GPs (HFD-GP).
HFD and HFD-GP were isocaloric (Table 2 [34]). LFD-fed
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mice served as a control for HFD-induced obesity, fatty liver, and
inflammation.

Animals

Five-week-old wild type male mice (C57BL/6]) purchased
from Jackson Laboratory (Bar Harbor, ME, USA) were single-
housed in ventilated cages with an igloo shelter. Data on stress
(measured as urinary or serum CORT) associated with single
verses group-housing is contradictory [35, 36]. Mice were ini-
tially group-housed to alleviate stress levels; however, due to
fighting we observed significant differences in body weight,
glucose tolerance, and hair loss among grouped animals, so
mice were switched to a less stressful single-housing setting.
Mice were placed on a 12-hour light/dark cycle (07:00
to 19:00 hours light) in a temperature-controlled room
(24 °C+1 °C) with ad libitum access to food and water.
Mice were fed LFD for a 2-week acclimation period then
were randomized to receive LFD, HFD, or HFD-GP (n =15/
group) for 17 weeks. At the time of randomization, diet
groups did not show baseline differences in body weights or
glucose tolerance, as determined by an oral glucose tolerance
test. Food intake, body weight, and body composition
(EchoMRI 3-in-1 system; Echo Medical Systems, Houston,
TX, USA) were measured as previously described [4]. After
17 weeks of the diet intervention, unfasted mice were euthan-
ized by CO, asphyxiation (n = 9/group), after which cardiac
blood was collected using 1-cc syringe and mice were decapi-
tated. Mice were sacrificed over a span of 2 days. Cardiac
blood (n = 7-9 mice/group) was collected into microfuge tubes
and mixed with 50 uM dipeptidyl peptidase IV inhibitor
(EMP Millipore, Billerica, MA, USA) and immediately stored
on ice for 30 minutes. Serum was separated by centrifugation
at 3000g for 25 minutes and stored at —80 °C until use.
The largest liver lobe was used for all assays. Approximately
2.5cm of the distal-most ileum was flushed with 1x
phosphate-buffered saline (PBS) prior to storage. The entire
hypothalamus was collected for gene expression analysis.
Collected tissues were snap-frozen in liquid nitrogen and
stored at 80 °C until use. A schematic of the study design in-
cluding timepoints for the performed assays is elsewhere
(Fig. 2 [34]).

Neural Activation Assay and c-Fos Immunolabeling

A subset of mice (n = 6/group) were used for neural activation
assay to detect stimulation by glucose. Mice were given
D-dextrose (2 g/kg) via oral gavage then were deeply anaes-
thetized with isoflurane/oxygen delivered by a nose cone, ex-
sanguinated with 0.9% saline, and perfused with 4%
paraformaldehyde in PBS. Brains were extracted and post-
fixed for 24 hours in 4% paraformaldehyde in PBS, then
switched to 20% sucrose in 4% paraformaldehyde until sec-
tioning. Free-floating sections (40 um) of the forebrain were
obtained using a Leica cryostat (Leica Microsystems,
Rijswijk, The Netherlands). Sections were stored in cryopro-
tectant until immunohistochemistry was performed. Sections
were transferred to a new clean plate containing PBS
(10 mM phosphate, 150 mM NaCl, pH 7.5). Initial PBS was
removed; sections were then washed 3 x 10 minutes in PBS.
Endogenous peroxidases were neutralized with 0.3% H,0,
in dH,O. After a 3 x 10 minutes PBS wash, sections were incu-
bated in normal goat serum (PK-4001, Vectastain ABC kit,
Vector Laboratories, Burlingame, CA, USA) with 0.3%

Triton-X-100 in PBS for 30 minutes. c-Fos immunolabeling
was performed with a polyclonal rabbit IgG anti-c-Fos anti-
body (ab190289, Abcam, Cambridge, MA, USA; RRID:
AB_2737414), diluted 1:100 in PBS. Tissue sections were in-
cubated overnight (~20 hours). Sections were transferred to
a new clean plate, washed 3 x 10 minutes in 0.1% Triton
X-100 in PBS, then incubated for 30 minutes in biotinylated
secondary antibody (goat IgG antirabbit, PK-4001, Vectastain
ABC kit, Vector Laboratories, RRID:AB_2336810) with 0.3%
Triton X-100 in PBS. After 3 x 10 minutes wash in PBS, sections
were incubated in an avidin—peroxidase complex (PK-4001,
Vectastain ABC kit, Vector Laboratories) for 45 minutes.
Sections were washed 3 x 10 minutes in PBS. Staining was per-
formed using nickel diaminobenzidine tetrahydrochloride
(Ni-DAB) Chromagen (SK-4100, DAB Peroxidase Substrate
Kit, 3,3’-diaminobenzidine, Vector Laboratories) for approxi-
mately 30 seconds to stain Fos-like products black. PBS was
added immediately after desired stain was reached and sections
were washed in 3 X 10 minutes in PBS to halt the Ni-DAB re-
action. Sections were mounted on gelatin-coated slides
(Fisherbrand Double Frosted Microscope Slides, Thermo
Fisher Scientific Inc., Bridgewater, NJ, USA) and dehydrated
with ethanol and xylenes prior to coverslipping with
permount.

Imaging and Quantification of c-Fos Positive Nuclei

Coronal sections from area postrema (AP) and 4 rostrocaudal
levels of the nucleus of the solitary tract (NTS) were analyzed
per animal. The anterior—posterior levels were determined by
coordinates from Bregma. The NTS areas consisted of ana-
tomically matched sections from caudal (¢NTS; —=7.92 mm),
at the level of the obex, corresponding to the posterior edge
of the AP; medial (mNTS; —7.48 mm) at the maximal extent
of the AP; intermediate (iNTS; —7.08 mm), anterior to the
AP, corresponding to the maximal extent of the gelatinous
subnucleus of the NTS; rostral (rNTS; —6.84 mm) consisting
of the area rostral to the gelatinous nucleus and the caudal as-
pect of the medial vestibular nucleus on the dorsal boundary.
Imaging was performed using an Olympus FSX-BSW imaging
scope and FSX100 software (Olympus videoscope, Tokyo,
Japan). Quantification was performed by identifying c-Fos
positive black nuclei using Image ] software system (NIH,
Bethesda, MD, USA) image analysis software. Three anatom-
ically matched tissue slices of each region (unilateral) of each
mouse were used in data analysis. Cells were counted by 1 ob-
server blinded to the experimental conditions.

Oral Glucose and Insulin Tolerance Tests

Oral glucose tolerance tests were performed at week 3, 8, and
16 of the diet intervention as previously described [4]. Mice
(n=15/group) were fasted in the morning for 6 hours and
fasting blood glucose (t=0 minutes) was measured. Mice
were then administered D-dextrose (2 g/kg) dissolved in water
via oral gavage, and blood glucose concentration was meas-
ured from tail-pricks after 15, 30, 60, 90, and 120 minutes us-
ing a glucometer (AlphaTRAK, Abbott Animal Health). An
insulin tolerance test was performed after 15 weeks on diets.
Mice (n=8/group) were weighed and fasted overnight for
16 hours. Fasted mice were intraperitoneally injected with in-
sulin (0.75 U/kg) and blood glucose was measured from tail
pricks after 15, 30, 60, 90, and 120 minutes using a glucom-
eter. Results are presented as mean blood glucose +SD at



each timepoint, and as mean area under the blood glucose
curve, calculated for each mouse.

Indirect Calorimetry

Volume of oxygen consumption (VO,), carbon dioxide excre-
tion (VCO,), and physical activity were measured using
the Comprehensive Laboratory Animal Monitoring System
and Software (Oxymax-CLAMS, Columbus Instruments,
Columbus, Ohio). Mice (n = 6-8/group) were acclimated for
24 hours in the Oxymax chamber, and measurements from
each hour averaged over the following 48 hours were used
for analysis. All data were normalized to body weight.
Respiratory exchange ratio (RER) was determined by calcu-
lating VCO,/VO,. Physical activity is portrayed as ambula-
tory movements along the x-axis of the chamber (X ).
Xamb includes nonrepetitive beam breaks during an interval
and does not include repetitive breaks due to grooming move-
ments. VO,, non-protein RER and calorific value (CV) were
used to calculate energy expenditure (kcal/min/kg body
weight) over light and dark cycles, using the equation,
VO, x CV =kcal. CVs were calculated using the equation
CV=3.815+1.232 *RER, derived from empirical data
from Graham Lusk’s “The Elements of the Science of
Nutrition” [37] Urinary nitrogen was not measured, but negli-
gible protein oxidation was assumed in calculating total energy
expenditure. Results are presented as mean VO, or VCO, +
SD per diet group over 24 hours, or as individual RER and en-
ergy expenditure per mouse.

Cholesterol and Lipid Analysis

Total cholesterol was detected in liver and serum via a fluoro-
metric assay (Total Cholesterol Assay Kit; VWR; STA-384).
Ten to 15 mg of frozen tissue was cut and homogenized in
200 uL chloroform: isopropanol: NP-40 (7:11:0.1). Extracted
livers were diluted 2:3 and cardiac serum was diluted 1:100 in
assay diluent prior to reading. Fluorescence was read by a
ClarioStar spectrophotometer. Total lipids were detected in liver
samples (300 mg) using Folch’s method, as previously

described [4].

Immunoassay Peptide Quantification

From the subset of mice used in 2.3 for neural activation assay,
portal blood (n = 6/group) was collected into microfuge tubes
and mixed with 50 uM dipeptidyl peptidase IV inhibitor
(EMP Millipore, Billerica, MA) and immediately stored on
ice for 30 minutes. Serum levels of total interleukin (IL)-6, tu-
mor necrosis factor (TNF) a), GLP1, PYY, and leptin were
evaluated using the Milliplex Map Mouse Metabolic
Hormone Expanded Panel Kit (Catalog MMHE-44K
Millipore, Billerica, MA, USA). Samples were assayed using
a MagPix instrument (Luminex Corporation, Austin, TX,

USA).

Tissue Gene Expression Analysis

mRNA was extracted from ileal tissue (30-60 mg) with
RNeasy Plus Universal Mini Kit (QIAGEN) followed by
RNA cleanup (Machery-Nagel, RNA purification Kkit).
mRNA (5 pg) was reverse transcribed with random primers
(High-Capacity ¢cDNA Reverse Transcription Kit, Applied
Biosystems), cDNA was diluted 1:3 in sterile ddH,0, and
quantitative polymerase chain reaction (qPCR) was
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performed using TagMan primers (Life Technologies, primer
details are in Table 3 [34]) and TagMan Fast Universal PCR
Master Mix (2x), no AmpErase UNG (Life Technologies).
Data were analyzed using 272" method using hydroxyme-
thylbilane synthase (Hmbs) as housekeeping gene for hepatic
and hypothalamic tissue and 18S rRNA gene for ileal tissue.

Alanine Transaminase Assay

Using 20 pL of serum samples collected via submandibular
bleed at week 15, alanine transaminase (ALT) assay was per-
formed using Liquid ALT (SGPT) Reagent Set by Pointe
Scientific Inc (REF: A7526-450; LOT 007901-168) per manu-
facturer protocol. Absorbance at 340 nm was read using a
ClarioStar multimode plate reader.

LC-MS Quantification of Steroid Hormones

Steroid hormones were quantified by external calibration
curves (0.001-5 pg/mL) with authentic standards (purity
>95%) and corrected using internal standard (IS) calibration
(see Table 4 [34] for analytes with abbreviations, suppliers,
monoisotopic mass, ionization mode, cone voltage, retention
time, and corresponding IS for calibration). Individual analyte
stocks were pooled in a sampler vial to concentrations of 5 pg/
mL and serially diluted to generate a calibration curve of 8
points ranging between 0.00156 and 5.0 pg/mL in 80%
methanol. To reduce variability between runs, samples from
HFD and HFD-GP groups were run in staggered fashion.
Analytes were analyzed on a Water’s Alliance €2695 high-
performance liquid chromatography (HPLC) system coupled
to a Water’s Acquity QDA mass spectrometer equipped
with an electrospray interphase. Analytes were separated in
a Cortecs C18+ column (4.6 x 150 mm, 2.7 um; Waters
Milford, MA, USA) and gradient elution with 0.1% formic
acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B) at flow rate of 1 mL/min as follows: 0 to 30 mi-
nutes linear gradient from 65% to 35% B; 30 to 31 minute
isocratic at 50% B; 31 to 31.10 step gradient to 35% B and
31.10 to 40 minutes isocratic at 35% B before returning to ini-
tial conditions at 60 minutes for the next analysis. The tem-
perature of the column was maintained at 40 °C and the
injection volume was 10 pL. Analytes were detected in full
scan mode (electrospray interface +/—, scan range 100-1200 2/
z) coupled with selective ion recordings. Detection and precision
of the method is demonstrated elsewhere (Table 5 [34], which in-
cludes limit of detection, limit of quantification, and calibration
curves generated from duplicate or triplicate runs of pure stand-
ards, and the coefficients of variation determined from standard
quality controls). Calibration curves generated in each run were
linear (R*> 0.98; Table 6 [34]). Matrix effects and recovery of IS
in serum, liver, feces, and cecal matrices are provided elsewhere
(Table 7 [34]).

Serum Steroid Hormones Extraction

Serum samples (50 pL) were placed in tubes containing
200 uL. of evaporated steroid hormone internal standards
(1 pg/mL; internal standards used included in Table 4 [34]),
and 100 pL of acetonitrile was added and incubated at
—20 °C for 1 hour to precipitate serum proteins. Samples
were centrifuged at 16 000 rcf for 10 minutes. Supernatants
were collected and loaded on Oasis Prime HLB Cartridges
(Waters, Milford, MA, USA) to remove phospholipids.
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Cartridges were subjected to a wash step (5% acetonitrile/
95% water, v/v) and elution step (90% acetonitrile/10%
water, v/v); these fractions were collected in separate tubes,
evaporated, and resuspended in 200 puL. of 50% methanol.
Samples were filtered with Corning Costar Spin-X centrifuge
tube filters Nylon membrane, pore size 0.22 pm for 1 minute
at 16 000 rcf then transferred to 300-uL inserts in sampler vi-
als for HPLC analysis. The recovery of IS after the
column-purification step was 70% to 80%.

Liver Tissue Steroid Hormones Extraction

Frozen liver tissue (50-60 mg) was cut on dry ice and trans-
ferred into 2-mL bead beating tubes with 4 steel beads.
Samples were homogenized in 300 pL of water using a genog-
rinder (Model 1600 MiniG Metuchen, NJ, USA) for 4 minutes.
Homogenized tissue was transferred to tubes with 200 uL of
predried internal standard (internal standard used included in
Table 4 [34]). Protein precipitation step was performed with
1.1 mL 99.9% acetonitrile with 1% formic acid and placed
on an orbital shaker for 1 hour at 4 °C. Samples were centri-
fuged at 13 000g for 15 minutes at 4 °C and supernatant was
transferred to glass scintillation vials. The pellet remaining after
centrifugation was resuspended in 1 mL of 80% methanol and
sonicated for 1 minute with a cup-horn sonicator (Q700
Sonicator; Qsonica, LLC); 55% AMP, 30 second on, 59 second
off, then a final 30 second on). Sonicated samples were centri-
fuged at 16 000g for 20 minutes at 4 °C and supernatants
were pooled then dried under speed vacuum at room tempera-
ture overnight. Samples were resuspended in 200 pL 80%
methanol + 0.1% formic acid, vortexed 2 minutes, and filtered
through Corning Costar Spin-X centrifuge tube filters (Nylon
membrane, pore size 0.22 um) for 1 minute at 16 000g, then
transferred into sampler vials with 300-uL inserts for HPLC
analysis. Concentrations (pg/mg tissue) were determined by
dividing final concentrations by frozen tissue weights used for
extraction.

Fecal and Cecal Steroid Hormones Extraction

Feces from week 15 and cecal content collected at sacrifice at
week 17 were stored at —80 °C until used. One milliliter of
water was added to each sample and frozen prior to lyophil-
ization (Freeze dryer, Labconco Corporation, Kansas City,
OH, USA) then 15 to 30 mg was weighed and transferred
into a tube containing 200 pL of dried internal standard
(1 pg/mL). Samples were extracted twice in 1.5 mL of 80%
methanol for 30 minutes at 4 °C, then centrifuged for 10 mi-
nutes at 13 000g. Samples were extracted twice, and superna-
tants were pooled then evaporated overnight at room
temperature in a speed vacuum. Dried extracts were resus-
pended in 200 pL of 80% methanol, filtered with Corning
Costar Spin-X centrifuge tube filters (Nylon membrane pore
size 0.22 pm) for 1 minute at 16 000g, then transferred to
300 pL inserts in sampler vials for HPLC analysis. Recovery
of internal standards after extraction was 70% to 90% for
feces and 90% to 100% for cecal content. Concentrations
(pg/mg dried content) were determined by dividing by lyophi-
lized weights used for extraction.

Short Chain Fatty Acid Analysis

Fecal samples were collected and immediately placed onto dry
ice then stored at —80 °C. SCFAs (ie, acetate, butyrate,

propionate, valerate) and BCFAs (isobutyrate and isovalerate)
concentrations were quantified by GC-MS using previously
described methods [38].

16S rRNA Amplicon Sequencing

gDNA was extracted from fecal and cecal samples using
DNeasy PowerSoil Pro Kit (QIAGEN, Venlo, Germany) and
purified using NucleoSpin gDNA clean up kit (Machery
Nagel, Switzerland). Samples were eluted with RNAase free
water and stored at —80 °C. gDNA was extracted from feces
and cecal content, diluted to 20 ng/ul, and submitted to
Azenta Life Sciences (Piscataway, NJ, USA) for 16S V3-V4
rRNA amplicon (16SEZ service). Paired-end sequences were
imported into QIIME2, demultiplexed, and quality filtered us-
ing the g2-demux plugin. Demultiplexed sequences were
denoised, decluttered, and merged with DADA2 using
q2-dada2 to generate amplicon sequence variants (ASVs)
[39]. Before alignment, 8 base pairs (bps) were trimmed
from the beginning of forward and reverse sequences.
Forward sequences were not truncated while reverse reads
were truncated at 240 bps; 82% to 86% of all sequences
passed filtering and 67% to 80% were merged successfully.
Unique features (ASVs) were aligned with mafft [40] (via
q2-alignment) and used to construct a phylogeny with fast-
tree2 (via q2-phylogeny) [41]. Sequences were rarified to 21
265, to not exclude samples. a- and B-Diversity metrics (ob-
served features, Faith’s Phylogenetic Diversity [42], weighted
UniFrac and unweighted UniFrac [43], Jaccard distance, and
Bray—Curtis dissimilarity), and principle coordinate analyses
were estimated using q2-diversity plugin. Taxonomy was as-
signed to ASVs using the q2-feature-classifier [44] and
classify-sklearn Naive Bayes taxonomy classifier trained on
the Greengenes_13_8 99% using the 16SEZ primers provided
by Azenta Life Sciences.

gPCR Quantification of Akkermansia muciniphila

Akkermansia muciniphila was quantified in fecal and cecal
samples, as previously described [4]. gDNA extracted from fe-
cal or cecal samples was diluted to 2.5 ng/uL. A. muciniphila
abundance relative to total bacteria and archaea was quanti-
fied by qPCR using A. muciniphila (AM1, AM2) and universal
primer (U341F, U515R) sets [4]. Fecal and cecal total bacteria
were based on concentrations (ng/pL) detected by universal
primer.

Colonic Mucus Thickness

Colonic intestinal tissue sections (n = 3-4 mice/group) with di-
gesta were fixed in methyl-carnoy immediately after extraction
for 24-48 hours, to preserve the mucus layer. Sections were em-
bedded in paraffin and then processed for staining using an
Alcian Blue/Periodic Acid Schiff Stain Kit (ThermoFisher
Scientific). Ten images were taken per cross-section at 20X mag-
nification and 10 regions per image were quantified for thick-
ness (totaling 100 measurements per mouse) using Image]Jx
(US National Institutes of Health, Bethesda, MD; National
Center for Microscopy and Imaging Research: Image] Mosaic
Plug-ins, RRID:SCR_001935). Mucus thickness is presented
as thickness + SD (um) of each mouse.

Intestinal Paracellular Permeability

An intestinal paracellular permeability test was performed at
week 15 of the diet intervention. Starting at 6 aM (1 hour



before the beginning of the light cycle) mice (n = 6/group)
were food-fasted in empty cages for 6 hours prior to testing.
Mice were water-fasted for 2 hours. After the food and water
fast, baseline blood samples were collected via submandibular
bleeds while mice were anesthetized with isoflurane. Mice
were orally administered an 80 mg/kg dose (~150 pL solution
in sterile 1x PBS) of 4 kDA fluorescein isothiocyanate (FITC)
dextran (Sigma-Aldrich) and blood was collected 4 hours post
gavage. Blood samples were collected with anticoagulant
(25% v/v acid-citrate dextrose solution) followed by centrifu-
gation at 2000g for 10 minutes to isolate plasma. Samples
were diluted 1:4 in 1x phosphate buffer solution (PBS) and
fluorescence of technical duplicates were determined in a
multimode plate reader (Clariostar, BMG) at 530 nm with ex-
citation at 488 nm. Serially diluted FITC-Dextran in plasma
was used to establish a standard curve. Samples were cor-
rected for baseline fluorescence. The plasma concentration
of FITC-dextran (mean + SD, pg/mL) for each mouse 4 hours
after oral gavage was used to evaluate intestinal permeability.

Statistical Analysis

Analyses were conducted and graphed using Prism 8.0.2
(GraphPad Software, La Jolla, CA, USA). Normality of data
was determined by Shapiro—Wilks test. Outliers were removed
using ROUT’s test (Q = 1%). Significant differences for meta-
bolic phenotypes were assessed via 2-way analysis of variance
(ANOVA) (where time was a factor) or parametric 1-way
ANOVA or nonparametric Kruskal-Willis test followed by
Dunnett’s post hoc test using the HFD group as a control so
only 1 factor (ie, % fat or GP supplementation) was assessed
in each comparison. For gene expression, metabolite analyses,
and immunoassays the difference between HFD and HFD-GP
groups was assessed by unpaired, 2-tailed, Student’s t test or
for nonparametric data, a Mann—Whitney test. P <.05 was
considered significant. Statistical analysis of a- and
B-diversity metrics was calculated using QIIME 2. ADONIS
and permutation analysis were conducted using R Studio
V.3.4.2 (R Studio Software, Boston, MA, USA). The Galaxy
web application was used to perform LefSe differential ana-
lysis and to plot linear discriminant analysis effect size
(huttenhower.sph.harvard.edu/lefse). Graphs were created
using Prism 8.0.2 or Origin (Pro), Version 2019b
(OriginLab Corporation, Northampton, MA, USA).

Results

GP Supplementation Attenuated HFD-Induced
Weight Gain

Male C57BL/6] mice were fed LFD, HFD, or HFD supple-
mented with 0.5% GP (HFD-GP) for 17 weeks. The LFD
group was included mainly to track HFD-induced imbalances
to body mass, energy expenditure, and glucose handling. The
mean daily food intake of the 3 groups (LFD: 2.91 +0.21 g,
HFD: 2.85 + 0.27 g, HFD-GP: 2.94 + 0.29 g/day) was similar
for most timepoints over the 17-week period (Fig. 1A). Due to
higher caloric density, mice fed HFD, or HFD-GP consumed
more calories per day than LFD-fed mice (Fig. 1B). Mice in
the HFD-GP group ingested approximately 30 mg polyphe-
nols (gallic equivalents) per day, of which 21.3 mg were
proanthocyanidins. Confirming the obesogenic effect of
HFD, LFD-fed mice had lower body weight gain, liver weight,
hepatic lipids, and fat to lean mass ratio after 15 weeks
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Figure 1. Effects of GP supplementation on caloric intake, body weight,
and liver weight and lipid accumulation. (A) Weekly food intake
(significant ANOVA results were obtained for time, F(5331, 106.6) =
26.77, P<.0001), diet, F(2, 20)=4.897, P=.0186, and a time x diet
interaction, F(46, 460) =3.552, P<.0001). (B) Cumulative caloric intake
(n=15/group). (C) weekly body weight (significant ANOVA results were
obtained for time, F(2792, 106.3) =633.4, P<.0001, diet, A2, 39) =
70.63, P<.0001, and a dietxtime interaction, F(34, 647)=57.47,
P<.0001). (D) Cumulative body weight gain from baseline to week 17
(n=15/group). (E) Liver weight at necropsy. (F) Weight normalized to
body weight. (G) Lipid content (n = 9/group). All values are presented as
mean of diet group + SD. Symbols in scatter plots represent individual
animals. Line graphs present the mean per diet group over time.
Significant differences were determined by 2-way ANOVA where time
and diet were factors, or otherwise a 1-way ANOVA (or for
nonparametric data a Kruskal-Wallis test) followed by Dunnett’'s post
hoc test with HFD group set as control. Black asterisks indicate
statistically significant values between HFD and LFD-fed mice, and red
asterisks indicate statistically significant values between HFD and
HFD-GP-fed mice. *P< .05, **P< .01, ***P<.001, ****P<.0001.
Numerical P values are indicated when .05 < P< .1.

(Fig. 1C-1G; Fig. 3A, B [34]). Compared with HFD-fed
mice, GP supplementation attenuated HFD-induced body
weight gain starting at week 6 of the diet intervention
(Fig. 1C) and reduced cumulative body weight gain over the
17 weeks diet intervention (Fig. 1D), consistent with prior
data [4]. HFD and HFD-GP groups had similar body compos-
ition (Fig. 3A, B [34]) and similar liver and serum cholesterol
levels at endpoint (Fig. 3C, D [34]). HFD-fed and HFD-GP
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groups had similar liver weight (P =.12), liver weight normal-
ized to body weight (P =.17), and a trending decrease in liver
lipids (P = .06; Fig. 1E-1G). As previously [5], GP supplemen-
tation did not alter hepatic gene expression of fat oxidation
gene Cptla (Table 8 [34]); therefore, this trend of lower hep-
atic lipids could not be attributed to altered expression of lipo-
lytic genes.

GPs Did Not Alter Glucose Metabolism

HFD feeding impaired glucose handling, as evidenced by re-
duced oral glucose tolerance and insulin sensitivity, and in-
creased serum insulin concentrations compared with LFD-fed
mice (Fig. 4A-C [34]). In our previous 12-week study, male
C57BL/6 mice fed HFD supplemented with 1% GPs (twice
the dose of GPs used in this study) had improved glucose toler-
ance compared with HFD-fed mice after 6 and 9 weeks of sup-
plementation [4]. Here, GPs did not affect oral glucose
tolerance throughout the diet intervention or insulin sensitivity
at week 15 (Fig. 4A, B [34]). These results indicate that the
lower 0.5% dose of GPs was ineffective for correcting
HFD-induced glucose intolerance. Nonetheless, 0.5% GP sup-
plementation resulted in other metabolic improvements.
Portal blood levels of GLP-1 were similar in LFD, HFD, and
HFD-GP groups (Fig. 4C [34]), indicating that disruption to
glucose regulation on a HFD was due to changed levels of
this glucose regulating incretin. Despite unchanged glucose
tolerance and GLP-1 levels, expression of regulatory genes
was altered by GPs (ie, lower ileal gene expression of Gcg
and a trending lower expression of Glpr (P =.07) compared
with HFD-fed mice) (Table 8 [34]). Expression of prohor-
mone convertase 1/3 (Pcsk1; required for cleavage of proglu-
cagon into GLP-1 and GLP-2) was unchanged (Table 8 [34]).

GP Did Not Affect Hindbrain Sensitivity to Glucose

To test whether GP supplementation may increase central glu-
cose sensitivity, c-Fos staining was performed on the dorsal va-
gal complex (ie, the nucleus of the tractus solitarius [NTS] and
the area postrema [AP]) after oral glucose administration.
C-Fos is recognized as a specific marker of neuronal activity
as it is often expressed when neurons fire action potentials,
and expression is increased in response to various pathological
or physiological stimuli, including glucose [45]. The number of
c-Fos positive neurons in the NTS was increased in 3 of 6
GP-supplemented mice, but statistically HFD and HFD-GP
groups had similar numbers of c-Fos positive neurons in NTS
and AP (Fig. 5A-C [34]). Thus, the GP dose utilized in this study
did not significantly alter hindbrain sensitivity to glucose.

GP Supplementation Prevented HFD-Induced
Reductions to Energy Expenditure

To investigate how GP supplementation lowered HFD-induced
weight gain, metabolic rate was assessed by indirect calorim-
etry. Measured volumes of oxygen (VO,) consumed, and car-
bon dioxide (VCO,) produced indicate rates of cellular
respiration, and in turn metabolic rate. Contributing factors
to cellular respiration include body size, body composition,
thermogenesis, gender, age, physical activity, and hormonal
status [46]. As mice are nocturnal, their metabolic rate peaks
during the night and declines during the day. Compared with
HFD-fed mice, at week 15 GP-supplemented mice consumed
more O, and emitted more CO, over several hours of the night,

leading to increase energy expenditure (Fig. 2A-2C). The aver-
age energy expenditure during resting hours (daytime) was
compared with the average energy expenditure during waking
hours (nighttime) within diet groups. Mice within the LFD
and HFD-GP groups showed significantly increased energy
expenditure at nighttime compared with daytime hours
(P <.001), but HFD-fed mice had similar energy expenditure
at nighttime and daytime (P =.1764; Fig. 2D) suggesting GP
supplementation may protect against HFD-induced blunting
of the circadian oscillations of energy expenditure. Due to
greater oxygen requirements of fat oxidation, metabolism of
fat requires greater energy expenditure. Respiratory exchange
ratio (RER) was calculated to assess macronutrient utilization,
which is increased during carbohydrate metabolism (RER = 1)
and reduced during fat metabolism (RER = 0.7); energy losses
to protein metabolism are not considered in these calculations.
As expected, HFD-based groups metabolized significantly more
fat than the LFD-group (Fig. 2E). Compared with HFD-fed
mice, GP supplemented mice had similar RER and comparable
fat oxidation (Fig. 2E). Physical activity was similar in HFD and
HFD-GP groups, which both had lower physical activity than
LFD-fed mice over 9 timepoints (Fig. 2F). RER or physical ac-
tivity could therefore not explain increased energy expenditure
in the HFD-GP group relative to HFD-fed mice.

GP Supplementation Increased Circulating and
Hepatic CORT and Impacted CORT-Related Gene
Expression

GP supplementation had increased serum CORT levels in
HFD-fed mice in both cardiac serum and liver tissue (Fig. 3A
and 3B), suggesting increased HPAA activity. CORT levels
were similar between HFD and LFD-fed mice (Fig. 6 [34]), sug-
gesting that without GP supplementation, HFD-fed mice could
not maintain upregulated HPAA activity needed to offset weight
gain. We measured enzymes which activate and clear CORT as
well as CORT metabolites to determine the role of peripheral tis-
sues in regulating CORT levels. Hepatic 118-HSD1 (encoded by
Hsd11b1) converts 11-dehydrocorticosterone (11-DH-CORT)
to its active form as CORT [17]. Hepatic enzymes Sa- and
5B-reductase (encoded by Akr1d1 and SrdSal, respectively) are
involved in CORT clearance via conversion to the tetrahydrome-
tabolites  Sa-tetrahydrocorticosterone  (5a-TH-CORT) and
So-dihydrocorticosterone (5a-DH-CORT), which have reported
functions related to decreased neuronal excitability that can re-
duce pain and inflammation [47, 48]. Hepatic 11-DH-CORT
concentrations were not significantly changed (Fig. 3B) and
Hsd11b1 mRNA levels only trended lower in HFD-GP than in
HFD-fed mice (P=.115; Fig. 3C). 50-TH-CORT and
5a-DH-CORT concentrations were unchanged, though hepatic
gene expression of Akr1d1 and SrdSal responsible for produc-
tion of these tetrahydrometabolites was increased (Fig. 3C).
Compared with HFD-fed mice ileal Hsd11b1 gene expression
was significantly reduced in GP supplemented mice, suggesting
GPs may influence CORT homeostasis in the intestine
(Fig. 3D). 11-DH-CORT, So-TH-CORT and $5a-DH-CORT
were not detected in cardiac serum.

GP supplementation did not significantly affect gene
expression of glucocorticoid receptor Nr3cl in liver or hypo-
thalamic tissue (Table 8 [34]). Compared with HFD controls,
GP-supplemented mice had a trending increase in hypothalamic
mRNA levels of Crb (P = .12; Fig. 3E), suggesting hypothalamic
signaling for CORT production may be upregulated.
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Figure 2. Effects of GPs on metabolic rate. Results from indirect calorimetry performed at week 15 measuring (A) volume of oxygen (VO,) consumed
(significant ANOVA results were obtained for time, F(23, 480) =6.748, P< .0001 and diet, F(2480) =89.14, P< .0001) (B) volume of carbon dioxide
(VCO,) exhaled (significant ANOVA results were obtained for time, F(5392, 107.8) = 23.58, P< .0001, diet, A2, 20) = 14.15, P=.0001, mouse, F(20, 460)
=49.04, P<.0001, and a time x diet interaction, F(46, 460) = 5440, P< .0001) (C) energy expenditure (EE) (significant ANOVA results were obtained for
time, F(23, 504) =7.844, P< .0001 and diet, F(2, 504) =115.6, P<.0001), and (D) paired comparison of average EE of resting (7 am-6 Pm) compared with
waking (7 pm-6 am) hours (significant ANOVA results were obtained for time, F(2, 21) =8.826, P=.0017, diet, F(1, 21) =6.533, P=.0062 and a diet x time
interaction, F(2, 21) =8.826, P=.0017) (E) resting exchange ratio (RER) at resting and waking hours (significant ANOVA results were obtained for time,
F(1,20)=12.64, P=.0002, diet, F(2,20)=63.17, P<.0001 and a time x diet interaction F(2, 20) = 12.94, P=.0002), and (F) physical activity, averaged per
diet group (n = 7-8/group; significant ANOVA results were obtained for time, F(6.073, 121.5) =17.54, P<.0001, diet, A2, 20) = 6.434, P=.007, mouse,
F(20, 460) =7.279, P<.0001, and a time x diet interaction, F46, 460) =2.592, P<.0001). All values are presented as mean of diet group + SD for line
graphs or individual animal + SD. Each symbol represents an individual mouse in scatter plots. Statistically significant differences were determined by
2-way ANOVA where diet and time were factors, or otherwise a parametric 1-way ANOVA followed by Dunnett's post hoc or nonparametric
(Kruskal-Wallis) test followed by Dunnett's post hoc test, using the HFD group as a control group. Unpaired Student t-tests, or Mann-Whitney tests
for nonparametric data, were performed to compare resting vs waking hour values within diet groups. Black asterisks indicate statistically significant
values between HFD and LFD-fed mice, and red asterisks indicate statistically significant values between HFD and HFD-GP-fed mice. *P< .05, **P < .01,
**¥*P<.001, ****P<.0001. Numerical P values are indicated when .05 < P<.1. BW, body weight; EE, energy expenditure.

HFD feeding was shown to increase expression of hypothal- ~ the HFD-GP group had decreased expression of gonado-

amic proopiomelanocortin, which was further enhanced by
adrenalectomy which abrogates CORT production [49].
Compared with HFD-fed mice, GP supplemented mice
showed a trending decrease in hypothalamic Pomc mRNA
(P =.09; Fig. 3E), which may contribute to the observed in-
crease in circulating CORT. Compared with HFD-fed mice,

tropin releasing hormone (GnRH), a marker of the hypothal-
amic pituitary gonadal (HPG) axis (Fig. 3E). The HPAA
inhibits the HPG axis to conserve energy [50]; therefore, a
GP-induced reduction to GuRH is consistent with GP sup-
plementation promoting HPAA activity leading to reduced
HPG-axis activity.
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Figure 3. Markers of HPAA activity. LCMS detection of concentrations of

corticosterone (CORT) in (A) serum, and (B) liver along with detected inactive

CORT (11-DH-CORT), and CORT metabolites, 5a-TH-CORT and 5a-DH-CORT (n = 9/group). Gene expression of (C) hepatic Hsd77b7 (11-Hydroxysteroid
dehydrogenase type 1), Akr1d1 (5p-reductase), SrdbaT (5a-reductase), Nr3cT (glucocorticoid receptor), Lepr (leptin receptor), G6Pc
(glucose-6-phosphatase), Pck1 (phosphoenolpyruvate carboxykinase 1), Chrebp (Carbohydrate-responsive element-binding protein), Srebf2 (sterol

regulatory element-binding protein), and Fgf21 (fibroblast growth factor 2

1), and (D) lleal Hsd71b1, and (E) hypothalamic Crh (corticotropin-releasing

hormone), Pomc (proopiomelanocortin), and GnRH (gonadotropin-releasing hormone) (n = 7-8/group). (F) Serum concentrations of PYY and leptin in portal
blood measured by an immunoassay (n = 6/group). (G) Schematic of effects of GP supplementation on markers of HPA-axis activity created with
Biorender.com. Unpaired Student t tests or Mann-Whitney test (for nonparametric data) were performed. *P<.05, **P<.01, ***P<.001,
****P<.0001; Numerical Pvalues are indicated when .05 < P< .15. Each symbol in scatter plots represents a single animal.

GP Supplementation Upregulated Markers
of Hepatic Gluconeogenesis

The HPAA promotes gluconeogenesis to satisfy increased en-
ergy needs during waking hours and periods of stress [13, 14].
Compared with HFD-fed mice, mice fed HFD-GP had in-
creased hepatic gene expression of carbohydrate-responsive
element-binding protein (Chrebp) and a trending increase in
expression of glucose-6-phosphatase (G6pc) and phosphoe-
nolpyruvate carboxykinase 1 (Pck1) (Fig. 3C). In vitro studies
showed that ChREBP could reduce lipogenic sterol regulatory

element-binding protein (SREBP2) levels via direct binding
and ubiquitination [51]. Consistent with increased Chrebp ex-
pression, GP supplemented mice also had reduced hepatic
mRNA levels of Srebf2 (Fig. 3C). ChREBP regulates hepatic
production of fibroblast growth factor 21 (FGF21), a regula-
tor of energy homeostasis and carbohydrate metabolism that
suppresses hepatic expression of SREBP2 [52, 53] in associ-
ation with reduced hepatic steatosis and increased energy ex-
penditure [54]. Mice fed a high-fat, high-sucrose diet showed
increased Fgf21 mRNA levels in liver and WAT, increased
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FGF21 in circulation, but impaired FGF21 signaling [55].
Compared with HFD-fed mice, GP-supplemented mice had
decreased hepatic mRNA levels of Fgf21 (Fig. 3C), suggesting
enhanced ChREBP-FGF21 signaling and increased FGF21
sensitivity.

GP Supplementation Induced Hormones that
Promote Energy Homeostasis

CORT increases leptin production, which in turn works by
negative feedback to suppress the HPAA. Leptin is secreted
by adipocytes and normally functions to signal energy excess
to the brain, which responds by increasing energy expenditure
and triggering release of the anorexigenic enteroendocrine
hormone, peptide YY (PYY) [56]. Rats with HFD-induced
obesity were previously shown to have reduced CRH and
CORT levels while leptin levels increased, suggesting an un-
coupling of CORT and leptin feedback [10]. HFD-fed mice
had lower PYY levels than LFD-fed mice, suggesting reduced
enteroendocrine activity (Fig. 6A [34]). Compared with LFD,
leptin levels were significantly elevated in portal blood of
HFD-fed mice (Fig. 6A [34]) consistent with their increased
fat mass (Fig. 3A [34]), Compared with HFD-fed mice, the por-
tal blood of GP-supplemented mice had increased levels of PYY
and a trending increase in leptin levels (P = .0635; Fig. 3F), sug-
gesting GPs can increase enteroendocrine activity and stimulate
adaptation to HFD. HFD and HFD-GP groups showed similar
ileal mRNA levels of Pyy (Table 8 [34]), suggesting GPs modu-
late PYY release, rather than gene expression. Hepatic leptin re-
ceptor (Lepr) mRNA levels were similar between HFD and
HFD-GP groups (Table 8 [34]). These results suggest GPs
may increase enteroendocrine activity and preserve coupling
between leptin and PYY signaling on a HFD.

GP Supplementation Reduced Markers

of Inflammation in the Liver and Intestine

Previously, relative to HFD, mice fed HFD containing 1% GP
had reduced serum levels of TNFa and IL-6 as well as ileal
mRNA levels of these cytokines [4]. Here, compared with
HFD-fed mice, mice fed HFD with 0.5% GP had reduced ileal
gene expression of Il6 and a trending decrease in Tnfa, re-
duced hepatic II1b and trending reductions in Tnfa and 116,
and unchanged hypothalamic expression of Tnfa, I1l6, or
Il1b or concentrations of TNFa and IL-6 in portal blood
(Fig. 4A-D). Compared with LFD-fed mice, HFD-fed mice
showed a trend of increased TNFa levels in portal blood
(P =.0649), and no change in IL6 or ALT levels (Fig. 6A, B
[34]). Compared with HFD-fed mice, ALT levels in cardiac se-
rum were higher in GP-supplemented mice though still within
normal range (Fig. 4E). Elevated ALT (>40 U/L serum) can be
a symptom of liver injury from fatty liver, cirrhosis, cancer,
and ischemia but could also indicate increased gluconeogene-
sis independent of liver injury [57]. In conjunction with re-
duced markers of inflammation and increased markers of
gluconeogenesis, increased ALT in the HFD-GP group is
more likely evidence for a gluconeogenic state rather than hep-
atocellular injury.

GP Supplementation Did Not Significantly Alter
Short Chain Fatty Acids

In a prior study, wild-type male mice fed a butter fat and
sucrose-rich Western diet supplemented with 1% GP resulted
in less butyrate and a lower acetate:propionate ratio in colon
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content, which was hypothesized to reduce hepatic lipogenesis
[5]. In this study, compared with HFD-fed mice, mice fed
HFD-GP showed a trend of reduced fecal acetate (P =.06;
Fig. 7 [34]).

GP Supplementation Altered BA Composition in
Serum, Liver, Cecum, and Feces

Primary BA (PBA) are released postprandially to aid in lipid
absorption, after which some may be converted to secondary
BA (SBA) by gut bacteria prior to reabsorption. PBA and SBA
species (listed in Table 4 [34]) were quantified in serum, liver,
cecum, and feces to investigate the effects of GP supplementa-
tion on BA composition, microbial metabolism, and excre-
tion. Compared with HFD-fed mice, cardiac serum of
GP-supplemented mice had reduced pools of total bile acids
(TBAs), PBAs, SBAs, and unconjugated Bas (Fig. 5B, left
and right panels), as well as a reduced fraction of SBA and in-
creased fraction of PBA relative to TBA pool (Fig. 5B, middle
panel). Specifically, GP supplementation reduced cholic acid
(CA), chenodeoxycholic acid (CDCA), a-muricholic acid
(a-MCA), ®MCA, and tauro-oMCA (ToMCA) and increased
taurocholic acid (TCA) (Fig. SA and Table 1). PBA could be
reduced in serum due to reduced hepatic BA synthesis, while
both PBA and SBA levels could be reduced due to increased
hepatic BA excretion or reduced intestinal BA reabsorption.
Though still possible, levels of PBA or TBAs were not affected
in hepatic tissue to suggest changed BA synthesis in
GP-supplemented mice; however, a trending reduction in the
pool of hepatic SBAs (P =.06; Fig. 5C, left panel), could be
due to reduced reabsorption or reduced bacterial synthesis.
GP supplementation decreased hepatic levels of TBMCA, gly-
coursodeoxycholic acid (GUDCA), taurohyodeoxycholic acid
(THDCA), and ToMCA (Table 1) though the summed levels
of conjugated Bas and unconjugated BA in liver tissues re-
mained similar between HFD and HFD-GP groups (Fig. 5C,
right panel).

There was no significant difference between HFD and
HFD-GP groups with respect to cecal or fecal PBA, SBA,
TBA, conjugated or unconjugated BA concentrations
(Fig. 5D and 5E), suggesting that BA excretion was not upre-
gulated by GP supplementation. GP supplementation in-
creased cecal levels of TCA, TCDCA, TUDCA, TBMCA,
taurodeoxycholic acid (TDCA), THDCA, and taurolitho-
cholic acid (TLCA; Fig. SA and Table 1). Compared with
HFD-fed mice, GP-supplemented mice had less hyocholic
acid (HCA) in both cecal content and feces, while CA and ur-
sodeoxycholic acid (UDCA) were reduced in feces only
(Fig. SA and Table 1). Overall, changes to BA profile in
GP-supplemented mice provide evidence for altered BA me-
tabolism and transfer, suggesting changes to gene expression
of BA regulating genes.

GP-Supplemented Mice Exhibited Markers
of Intestinal Farnesoid X Receptor Inhibition

Activation of BA receptors farnesoid X receptor (FXR, en-
coded by nuclear receptor subfamily 1, group H, member 4,
Nr1h4), constitutive androstane receptor (CAR, encoded by
Nr1:i3), and Takeda-G-protein receptor-5 (TGRS) lead to
gene expression changes that limit BA synthesis and increase
BA flow to prevent cytotoxic BA accumulation in hepatic
and intestinal cells [58, 59]. FXR-regulated genes and GP ef-
fects are summarized in Fig. 6A to display how GPs could
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Figure 4. Effects of GP supplementation on inflammation. Gene expression of inflammatory cytokines detected in (A) ileal, (B) liver, and (C) hypothalamic
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nonparametric data, was performed. *P< .05, **P< .01, ***P<.001, ****P<.0001; Numerical P-values are indicated when .05 < P<.1.

direct BA flow away from systemic circulation. HFD-GP-fed
mice had a trending reduction in ileal Fxr (P =.06) and ileal
and hepatic Shp (P=.07) (Fig. 6B and 6C), consistent with
GP-induced inhibition of intestinal FXR, seen previously in
GP supplemented leptin-deficient db/db mice [9]. lleal Fgf15
and hepatic Fxr were unaffected by GP supplementation
(Fig. 6B and 6C). Compared with HFD-fed mice,
GP-supplemented mice showed increased hepatic expression
of Cyp7al and a trending increase in Cyp27al (P=.08;
Fig. 6C), supporting reduced FXR activity. Thus, reduced
PBA levels in circulation of GP-supplemented mice (Fig. 5B)
were not likely due to downregulated hepatic BA synthesis.
We subsequently hypothesized that the GP-induced increase
in BA synthesis might reduce hepatic cholesterol accumula-
tion; however, liver and serum cholesterol concentrations
were similar in HFD and HFD-GP groups (Fig. 3C, D [34]).
While total cholesterol concentrations were not affected by
GP, cholesterol like high-density lipoprotein could have
been increased in place of the “bad” low-density lipoprotein
that contributes to plaque formation, and thus warrants fur-
ther investigation.

Consistent with reduced FXR activation, GP-supplemented
mice had reduced ileal levels of Ibabp and Ostp as well as hep-
atic Abcc3 and increased hepatic Oatp1 (Fig. 6B and 6C), in-
dicative of reduced BA transfer from enterocytes and
hepatocytes into portal and systemic circulation [58, 60].
Compared with HFD-fed mice, GP supplementation did not
affect ileal Osta, Abcc3, Slc10a2, and TgrS or hepatic Osta,
Ostp, Slc10al, and Abcb11 (Table 8 [34]). GP supplementa-
tion increased hepatic mRNA levels of Nr1:3 (Fig. 6C), sug-
gesting upregulated detoxification of endogenous and
exogenous chemicals, including detoxification of Bas via me-
tabolism or conjugation [61, 62]. Bas that enter hypothalamic
neurons via ASBT modulate the HPAA [30]. GP supplementa-
tion did not affect hypothalamic mRNA levels for ASBT
(Table 8 [34]), though whether GPs affect BA levels in hypo-
thalamic neurons remains to be investigated.

GP Supplementation Did Not Alter Intestinal
Permeability Mucus Layer

HFD-fed mice that were orally administered bacterium A. mu-
ciniphila were previously shown to have increased intestinal
mucus thickness in association with improved metabolic phe-
notypes [63]. Mice fed HFD supplemented with 1% GP devel-
oped a bloom of A. muciniphila with almost complete
redistribution of the colonic mucus layer into the intestinal lu-
men and a reduction in inflaimmatory markers [64].
Compared with HFD-fed mice, mice fed HFD supplemented
with 0.5% GP did not show any reduction in the colonic mu-
cus layer thickness or in intestinal permeability (Fig. 8A-C
[34]). GP supplementation appears to affect the intestinal mu-
cus layer in a dose-dependent manner and metabolic improve-
ments are independent of mucus layer thickness.

GP Supplementation Altered the Gut Microbial
Community

16S rRNA amplicon sequencing was performed to assess cecal
microbial communities after 17 weeks of HFD or HFD-GP
intervention. A total of 281 ASVs were identified over different
taxonomic levels. The microbial communities of HFD and
HFD-GP groups were similar in terms of a-diversity metrics
(Richness, Evenness, Faith phylogenetic diversity; Fig. 7A), in-
dicating supplementation with 0.5% GP did not alter the num-
ber of different microbial species and their distribution (aka
evenness). Principle coordinate analysis on weighted UniFrac,
a B-diversity metric which accounts for both bacterial presence
and abundance, showed notable dissimilarities between gut
microbial communities of HFD and HFD-GP groups (R =0.75,
P=9.99 x 10°) while unweighted UniFrac, measuring only
presence of taxa, showed weaker but still significant effects
(R=0.26,P =.017; Fig. 7B and 7C). Unifrac analyses indicate
that while gut bacteria in HFD and HFD-GP groups have
moderate phylogenetic differences, GPs mainly alter the rela-
tive abundance of different taxa.
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PBAs measured included CA, CDCA, UDCA, aMCA, BMCA, GHCA, GUDCA,

TUDCA, GCDCA, TCDCA, TaMCA, TBMCA, GCA, TCA. SBAs measured included NCA, DCA, ®MCA, HDCA, THDCA, GDCA, TDCA, TeMCA, GLCA,
TLCA. HCA has been described as both a PBA and SBA in mice; we have included HCA in the SBA pool. Graphic was created with Biorender.com. (B-E)
Sum of PBA, SBA, and total bile acids (TBAs) (left panel) with pie chart displaying fraction of TBAs that are secondary vs primary in mice on corresponding
diets (middle panel), and the sum of conjugated vs unconjugated bile acids in cardiac serum, liver tissue, cecal content from week 17, and fecal samples
collected at week 15 (n =7-9/group) (right panel). All values are presented as individual mouse value + SD. Each symbol in scatter plots represents a
single animal. Unpaired student t-tests of Mann-Whitney tests, for nonparametric data, was performed. *P< .05, **P< .01. Numerical P values are

indicated when .06 < P<.1.

GP supplementation significantly reduced the relative abun-
dance of phylum Firmicutes and increased Bacteroidetes and
Verrucomicrobiota (Fig. 7D). The HFD-GP group had reduced
Firmicutes-to-Bacteroidetes ratio (HFD: 9.11 vs HFD-GP: 5.1,
P=.001), a general biomarker of a healthy gut community in

mice [65]. Of the 127 taxa identified at the genus level, 13 taxa
were significantly affected by GP supplementation. A group of
Firmicutes genera were affected by GP supplementation, which
led to reduction of Allobaculum, Clostridium, Lactococcus,
Ruminococcus, Syntrophomonas, and Turicibacter but
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Figure 6. Markers of bile acid homeostasis. (A) Schematic displaying effects of GPs on FXR gene targets for BA regulation in hepatocyte and enterocyte cells.
Typically, FXR activation in mice results in (1) downregulation of ileal apical sodium dependent BA transporter (ASBT; encoded by Slc70a2) to reduce intestinal
BA reuptake, (2) increased intracellular ileal BA binding protein (IBABP) to promote transfer of BAs out of enterocytes, (3) increased hepatic and intestinal
multidrug-resistant protein-3 (MRP3, encoded by Abcc3) and basolateral bidirectional transporters organic solute transporters (Osta, Ostp) to increase BA
elimination from both hepatocytes and enterocytes, (4) increased hepatic bile salt export pump (BSEP; encoded by Abcb17) to promote BA secretion from
hepatocytes, (5) decreased hepatic Na*-taurocholate cotransporting polypeptide (NTCP encoded by Slc70a7) and organic anion-transporting polypeptides
(OATp) to reduce BA flow into hepatocytes, and (6) decreased transactivation of BA synthesis enzymes (CYP7A1 and CYP27A1) [58, 59, 106]. Graphic was
created with Biorender.com. (B) lleal gene expression of farnesoid X receptor (FXR; encoded by Nrih4), small heterodimer partner (SHP; Nrob2), fibroblast
growth factor 15 (Fgf15), intestinal bile acid-binding protein (/babp), organic solute transporter beta (Ostf). (C) Liver gene expression of Nr1h4, Shp, cholesterol
7 alpha-hydroxylase (Cyp7aT), cholesterol 27 alpha-hydroxylase (Cyp27a7), multidrug-resistant protein-3 (MRP3; Abcc3), organic anion-transporting peptides
(Oatp1), constitutive androstane receptor (CAR; Nr7i3). n=8-9/group; All values are presented as individual mouse value + SD. Each symbol in scatter plots
represents a single animal. Unpaired Student t tests of Mann-Whitney tests, for nonparametric data, was performed. *P< .05, Numerical P values are

indicated when .05 < P<.1.

increased Aldercreutzia, Debalobacterium, and rc4-4 (Fig. 7E;
Fig. 9A [34]). Several isolated genera within other phyla were al-
tered by GPs, including a reduction to Spirochaetes genus W22,
and increase to Proteobacteria genus Suterella, Bacteriodetes
genus  Bacteroides, and Verrucomicrobiota genus
Akkermansia (Fig. 7E; Fig. 9B-E [34]). A GP-induced in-
crease in A. muciniphila was confirmed by qPCR on fecal
samples at week 3 and on cecal samples at week 17 of the
diet intervention (Fig. 7F and 7G). Total bacterial load, as
determined by qPCR, was not affected in fecal samples after
3 weeks of GP supplementation (Fig. 7H) but was signifi-
cantly increased in cecal content at week 17 (Fig. 7I),

revealing that supplementation of HFD with 0.5% GPs did
not have a general antibacterial effect on the gut community.

Bacterial Genera Changed by GP Supplementation
Correlated With Changed BA

To identify the relationship between the gut bacteria and BAs,
Spearman’s correlation analysis was performed between sig-
nificantly changed genera and BAs in cecal content of both
HFD and HFD-GP groups. Cecal levels of Turicibacter,
Allobaculum, Clostridium, and Syntrophomonas, were nega-
tively correlated with cecal levels of taurine conjugated BAs
(ie, TUDCA, TCDCA, TBMCA, TCA, or TLCA) (Fig. 10
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Figure 7. Effects of GPs on the cecal gut microbiota on a HFD. (A) o-Diversity metrics (ie, richness, evenness, and faith phylogenetic diversity [PD]).
B-Diversity metrics (ie, weighted Unifrac and (C) unweighted Unifrac) analyzed by Adonis statistics. (D) Relative abundance of bacterial phyla. (E) Linear
discriminant analysis effect size of taxa at the lowest taxonomic level possible that better discriminates the cecal gut microbiota of HFD verses
HFD-GP-fed mice. A. muciniphila abundance in (F) feces at baseline (week 0) and week 3 and in (G) cecal content at week 17. (H) Total bacterial load in
feces at baseline and week 3 and in (I) cecal content at week 17. n=8/group. All values are presented as individual mouse value + SD. Each symbol in
scatter plots represents a single animal. Unpaired Student t tests or Mann-Whitney tests, for nonparametric data, was performed when 2 diet groups
were analyzed. One-way ANOVA followed by Dunn’s multiple comparison for parametric or Kruskal-Wallis followed by Dunnett’s for nonparametric test
was performed to compare 3 diet groups. Black asterisks indicate statistically significant values between HFD and LFD-fed mice, and red asterisks
indicate statistically significant values between HFD and HFD-GP-fed mice. *P< .05, **P< .01, ***P<.001, ****P<.0001.

[34]); therefore, these taxa may metabolize these BA. Bacteria
may convert HCA to HDCA [66]. Akkermansia negatively
correlated with HCA (Fig. 10 [34]), revealing that
Akkermansia may metabolize this BA.

Discussion

Polyphenols (eg, proanthocyanidins, anthocyanins, theafla-
vins, epigallocatechin gallate, hydroxycinnamates, or resvera-
trol) increased energy expenditure in obese mice or adults with
obesity, suggesting a common mechanism by which polyphe-
nols may reduce weight gain [5, 8, 67-71]. In our study, we
show for the first time that GP supplementation elevated en-
ergy expenditure, reduced inflammation, liver fat, and BA ac-
cumulation, and changed the gut bacterial community in
association with increased markers of HPAA activity (Fig. 8).

In leptin-receptor—deficient mice on a LFD, GP supplemen-
tation improved glucose metabolism, but did not reduce body
weight gain or BA load [9]. Moreover, GP increased liver fat
and markers of inflammation (ie, I/1b) in db/db leptin recep-
tor—deficient mice (Fig. 11A-C [34]). Enzymes regulating
CORT and BAs (ie, Akr1d1, Srd5al, and Nr1i3) were not af-
fected by GP supplementation in leptin-receptor deficient mice
(Fig. 11D [34]). Downregulation of 118-HSD1 and upregula-
tion of AKR1D1 has been associated with reduced hepatic
steatosis and metabolic syndrome [72-75]; therefore, changes
to gene expression for these enzymes in GP-supplemented
wild-type mice may be leptin dependent and important for
metabolic improvements. Comparisons of the effects of GPs
in wild-type to leptin receptor—deficient mice suggests that
GP-induced improvements to glucose metabolism may be in-
dependent of leptin signaling, but leptin may play a key role
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Figure 8. Potential mechanisms for the effects of GPs on HPAA control of energy balance, involving the gut bacteria, BA, and endocrine hormones.

in reducing BA load, protecting the liver, maintaining energy
balance, and regulating CORT levels. Other studies have
also noted a leptin effect, showing increased hypothalamic
sensitivity to leptin [76] and preserved leptin levels with circa-
dian rhythms to BA levels and genes in polyphenol supple-
mented rodents [77].

The low bioavailability of proanthocyanidins suggests that
their metabolic improvements may begin in the gut lumen
[78]. Polyphenol supplementation significantly alters the gut
microbial community [4, 5, 9, 67, 79, 80], potentially leading
to metabolic improvements through multiple mechanisms.
GPs may prevent gut dysbiosis by acting as both an antibiotic
to pathogenic bacteria and probiotic to commensal bacteria.
The increase in A. muciniphila preceded metabolic improve-
ments [6], indicating a potential causal role. A. muciniphila
supplementation for elevated energy expenditure [81].
Various dietary polyphenols have been reported to increase
A. muciniphila [4-6, 9, 67, 77, 82-87].

Reduced Firmicutes genera expressing 7a-dehydroxylase [88]
(ie, Clostridium, Lactococcus, and Ruminococcus (Fig. 7E)) like-
ly resulted in decreased SBA in GP-supplemented mice (Fig. 5B
and 5C) which potentially reduced the cytotoxicity of the
BA pool [28, 89]. Reductions to Firmicutes containing the
deconjugating enzyme, bile salt hydrolase [90], can explain
increased levels of taurine-conjugated BAs in cecal content
of GP-supplemented mice. Conjugated BA species likely
stay within the lumen for longer periods due to reduced
permeability and reabsorption [91]; therefore, increased

taurine-conjugated BAs could lead to increased BA signaling
within the gut. Several taurine-conjugated species (ie, TLCA,
TDCA, and TCA) have been reported to increase levels of
PYY or leptin [92, 93], a correlation observed in GP supple-
mented mice (Figs. 3G and 5A). GP supplementation may re-
duce inflammation and HPAA-impairment by decreasing
levels of hydrophobic and cytotoxic BA (ie, CA and CDCA;
Fig. 5A) that compete with CORT clearing enzyme,
AKR1D1 [12, 91]. Increased TCA and TDCA in the gut of
GP supplemented mice suggests increased taurine-conjugation
of CA and CDCA, and can explain their reduced levels in cir-
culation (Fig. 5A). GPs may also indirectly change gut bacteria
by altering the BA profile [88, 94]. For instance, studies have
reported that CA increased Clostridium spp. [88], and TCA
decreased Turicibacter abundance [94]—both correlations
observed in GP-supplemented mice (Fig. 10 [34]).

Inhibition of FXR is being investigated as a potential treat-
ment for cholestasis and glucose intolerance [95, 96]. GP sup-
plementation in leptin receptor—deficient mice resulted in
decreased abundance of SBA-producing bacteria shown to
be FXR agonists, supported by reduced gene markers of intes-
tinal FXR activation [9]. In this study, gene expression data
suggested GPs redirected BA flow away from circulation
by reducing FXR activity (Fig. 6A). Reduced FXR activity
could be due to decreased levels of circulating FXR agonists,
oMCA, and ToMCA [9], and increased cecal levels of FXR
antagonist, TBMCA [97] (Fig. S5A). The GP-induced reduction
in circulating BA levels may have prevented BA-mediated
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inhibition of the HPAA that is observed in rodents with high
levels of circulating BA [12,29-31]. Overall, GP supplementa-
tion appears to promote a less inflammatory and inhibitory
BA profile in relation to the HPAA.

The impact of increased CORT levels in response to HFD is
still under debate. While some report CORT as a marker of
stress and metabolic disruption [98], others describe CORT
production as a normal adaptation to increased metabolic de-
mands [22]. Furthermore, studies report both increases and de-
creases to CORT in response to HFD [99]. Increased cortisol
levels were detected in human subjects with obesity [100], but
this may be an adaptation to weight gain rather than a causal
factor. Our study suggests increased circulating and hepatic
CORT are markers of improved HPAA function in mice with
prolonged HFD intake. To investigate the effects of dietary pol-
yphenols and develop pharmacological targets, a better under-
standing of the regulation of the HPAA is crucial.

The results of our study are correlative but provide novel in-
sight to the role the HPAA may have behind GP-mediated
metabolic resilience. To further investigate the effects of diet-
ary polyphenols on the HPAA, future studies should be strictly
time controlled, as numerous metabolites and genes follow
circadian rhythms [77, 101]. Methods which can detect
CORT and tetrahydrometabolite levels at different timepoints
without inducing stress, such as via urine or feces [102],
should be used. Furthermore, time of administration of poly-
phenols is an important variable affecting bioactivity [103],
and thus controlled feeding is optimal to monitor effects on
circadian phenotypes. Intervention studies should also ex-
plore effects of known sexual dimorphisms in CORT and lep-
tin levels [104, 105]. Such studies are needed to elucidate if
polyphenols promote health via effects on the HPAA.
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