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Abstract

Background/Aims: The goal of this study was to determine the influence of high-fat high-
sugar diet (Western diet) on intestinal function and subsequently to determine if there were
any beneficial effects of exercise, genistein (a naturally occurring phytoestrogen) or both, on
the intestine. Methods: We measured transepithelial short circuit current (I_), across freshly
isolated segments of jejunum from male and female C57BI/6J mice randomly assigned to one
of the following groups for the 12-week study duration: high-fat high-sugar diet (HFS), HFS
with genistein (Gen), HFS with exercise (Ex), or HFS with both genistein and exercise (Gen+Ex)
and compared them to lean controls. Genistein concentration was 600 mg genistein/kg
diet. Exercise comprised of moderate intensity treadmill running (150 min per week). At the
completion of the study, segments of jejunum were frozen for western blot determination of
key proteins involved in secretory and absorptive functions, as well as senescence. Intestinal
morphology was assessed. Serum cytokine assays were performed. Results: Basal | was
significantly decreased (by 70%, P<0.05) in HFS females and males versus leans. This decrease
was partially mitigated by exercise in both sexes. In females, the HFS-induced decrease in |_
was attributed to a significant loss of CLC2, NKCC1 and CFTR expression whereas in males
this was due to a significant loss of Na/K-ATPase, K_ and NKCC1 expression (indicating
sex-dependent mechanisms). Exercise mitigated most of the loss of I_ in both sexes. Our
data suggested that A2BR levels were dysregulated in HFS fed mice and that concomitant
treatment with Gen or Gen+Ex prevented this disruption in females only. Inflammatory state
was associated with body weight changes. Conclusions: Our data suggests that the reduced
basal jejunal I_ in HFS mice is attributed to sex-dependent mechanisms and while exercise
partially mitigated this, it's mechanism of action was unclear. Improved understanding of
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Western diet induced intestinal dysfunctions may allow for the development of novel drug

targets to treat gastrointestinal disturbances in diabetic obesity.
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Introduction

Metabolic syndrome includes a plethora of symptoms including obesity and type 2
diabetes and thus presents an increasing global healthcare burden [1]. Obesity has been
linked to chronic gastrointestinal dysfunction (dyspepsia, constipation, or diarrhea) and
specifically females with high BMI have been associated with increased prevalence of
diarrhea [2]. In obese children, a higher incidence of constipation has been assessed without
associated delays in colonic motility [3].

High-fat diet models have been utilized to further understand the etiology and
consequences of metabolic syndrome on gastrointestinal function. For example, high fat diet
consumption has been proposed to increase fat content within enterocytes, decreasing the
expression of nutrient transporters GLUTZ2 and PEPT1, likely a consequence of reducing PKA
and PKC-mediated intracellular pathways [4]. Other studies have shown that a high-fat diet
induces changes in the enteric nervous system of the small intestine [5, 6] and disrupts the
intestinal epithelial barrier [7].

We have previously shown that genistein (a naturally occurring phytoestrogen found
in soy, [8]) fed to C57BL/6] lean mice (600 mg genistein/kg diet) for a 4-week duration,
generates serum genistein levels of approximately 4-7 pM in male and female mice [9].
Interestingly, consumption of soy milk in humans generates comparable serum levels of
genistein, indicating that our dose is readily achievable within the population [10]. We have
also shown that dietary exposure of the same genistein concentration (600 mg genistein/
kg diet) for 4-weeks, prevents intestinal dysfunction in the ob/ob murine model of diabetic
obesity, improving basal intestinal I , mediated by sex-dependent changes in expression of
key ion transporters [11].

The influence of exercise on gastrointestinal function is a relatively understudied area.
High intensity exercise has been proposed to result in gastrointestinal damage, assessed via
changes in intestinal fatty acid binding protein [12]. In contrast, moderate exercise training
has been shown to provide several more positive effects; (1) improved gastrointestinal
function (reducing bouts of diarrhea) in intensive care patients [13], (2) reduced numbers
of apoptotic cells in pancreas removed from exercise trained-high fat diet fed mice [14], and
(3) protection of intestinal barrier function from high-fat diet induced permeabilization [15,
16].

The goal of the current study was to ascertain whether dietary genistein, moderate
exercise, or both combined, would alter jejunum physiology in a high-fat high-sugar diet (HFS)
model of diabetic obesity. To that end, we evaluated jejunum transepithelial short circuit
current (I_, a measure of Cl' secretion) and key transporters associated with maintaining
appropriate Cl" secretory function. In addition, we measured expression of key proteins
involved in the jejunum’s absorptive role (namely, SGLT-1, GLUTZ2, GLUT5). Moreover, since
a western diet induces chronic inflammation, we assessed levels of serum inflammatory
cytokines, intestinal senescence, and intestinal morphology. Improved understanding of
the intestinal dysfunctions resulting from chronic consumption of western diets (HFS) may
allow for the development of novel drug targets to alleviate intestinal problems associated
with metabolic syndrome.

Materials and Methods

Mouse model of diet induced diabetic obesity
Male and female C57BL/6 mice (4 weeks old) were purchased from Charles River Laboratory
(Wilmington, MA). Mice were acclimated for a period of 1 week and then randomly divided into five diet
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groups for a period of 12 weeks: standard rodent diet Harlan 5001 (std) with normal water, high-fat diet
(HFS, 60% fat), high fat diet + genistein (HFS+Gen, 600 mg genistein/kg high fat diet), high fat diet + exercise
(HFS+Ex), high fat diet + genistein + exercise (HFS+Gen+Ex). All mice fed high fat diet were also exposed to
sugar in the drinking water (42 g/L; 55% fructose/45% sucrose, F/S) throughout the 12-week diet study.
All mice were given food and water ad libitum. The high-fat diet, with or without genistein, was purchased
from Dyets Inc (Bethlehem, PA). Exercised mice were exposed to running on a treadmill for 5 days/week,
a total of 150 min/week from week 3-12, as previously described [17]. The moderate intensity exercise
protocol was as follows: week 1 (10 min at 10 m/min), week 2 (20 min at 10 m/min), week 3 (30 min at 12
m/min), weeks 4-12 (30 min at 15 m/min). Mice were housed two per cage in an animal care facility with
12:12-hour light-dark cycle. Each week, body weight and overall health was assessed. At completion of the
diet study, mice were euthanized by asphyxiation in an atmosphere of 100% CO,, followed immediately by
surgical thoracotomy (inducing pneumothorax). Animal care was conducted in accordance with established
guidelines, and all protocols were approved by the Midwestern University Institutional Animal Care and Use
Committee.

Bioelectric measurement of intestinal secretion

Assessments of transepithelial short circuit current (I, pA/cm?®) were obtained as described
previously [11, 18], with 0.3 cm? exposed surface area of freshly excised jejunum. Short circuit current was
measured via an automatic voltage clamp (VCC-600, Physiologic Instruments, San Diego, CA) [11, 18]. All
tissue segments were maintained in 1 uM indomethacin which served to reduce the tissue exposure to
endogenously generated prostanoids due to tissue handling [19]. Variations in intrinsic intestinal neural
tone were reduced by exposing the serosal side of the tissues to tetrodotoxin (0.1 M) which also served to
limit the absorptive capacity of the mucosa [20]. To prevent an inward current due to Na*-coupled glucose
transport glucose (10 mM) was added to the serosal KBR bath and mannitol (10 mM) substituted for glucose
in the mucosal KBR bath [21]. Experimental protocols. Tissues were exposed to KBR (20 min) and steady-
state basal I measured at that time. At time 20 min, we added forskolin (10 uM, bilateral) until steady
state was achieved at time 40 minutes (i.e., a further 20 min later), then bumetanide (100 pM, serosal) for
10 minutes. Glucose (10 mM, mucosal) was added at the end of each experiment to stimulate Na*-coupled
glucose transport, as an assessment of tissue viability (denoted by > 10% increase in [_). Any tissue that
demonstrated a failure to respond to glucose within this parameter was discarded from the study. Solutions.
Cl containing KBR contained the following (in mM): 115 NaCl, 25 NaHCO3, 5 KCl, 1.2 MgCI2 and 1.2 CaCl2,
pH 7.4.

Histology and morphology with H & E staining

Freshly isolated jejunum was embedded and flash frozen in Optimal Cutting Temperature compound
(OCT, Tissue-Tek, Torrance, CA). Frozen sliced sections (10 um) of jejunum were stained with a standard
protocol for hematoxylin and eosin (H & E) staining, as previously published, [11, 18, 22]. Measures of
villi length, crypt depth, and wall thickness were taken using Image ] (NIH), from images taken at 10x
magnification. Averages of measurements were taken from 5-8 separate slices per frozen section of jejunum
(per mouse) and data are presented as the average of multiple mice per group.

Western blot analysis

At euthanasia, segments of jejunum were immediately snap frozen in liquid nitrogen and stored at
-80°C. Jejunum was later prepared for western blot analysis as described previously [11, 22, 23]. Blots
were individually incubated with each of the following primary antibodies overnight at 4 2C: Na/K-ATPase
(1:1000, Cell Signaling, Danvers, MA), K., and CLC2 (1:500, Alomone labs, Jerusalem), A2BR (1:1000,
Abcam, Cambridge, MA), CREB (1:1000, Cell Signaling, Danvers, MA), GLUT2 (1:500, Santa Cruz, Dallas, TX),
GLUTS5 (1:500, Millipore, Burlington, MA), SGLT1 (1:500, Abcam, Cambridge, MA), p-H2AX and P53 (1:1000,
Cell Signaling, Danvers, MA). Blots were either re-probed for actin (anti-actin primary antibody, 1:4000,
Thermo Scientific, Rockford, IL) or re-probed for GAPDH (anti-GAPDH primary antibody, 1:4000, Thermo
Scientific, Rockford, IL) for 1 hour at room temperature, to serve as the control. Blots were washed and
then incubated with the appropriate secondary antibody anti-mouse IgG (H+L) (1:15, 000, Dylight, Thermo
Scientific Rockford, IL). After washing, blots were incubated with secondary antibody, anti-rabbit IgG (H+L)
Dylight (1:15, 000, Thermo Scientific, Rockford, IL), for 1 hour at room temperature. Images of membranes
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were taken with all proteins of interest normalized to either actin or GAPDH. Band density was analyzed
using Odyssey-Clx (LI-COR, Lincoln, NE) and Image Studio (LI-COR, Lincoln, NE).

PCR analysis

Segments of jejunum were immediately snap frozen in liquid nitrogen and stored at -80°C. Jejunum
was later prepared for PCR analysis as follows: tissue was homogenized in Rhino Tubes (Next Advance.
Raymertown, NY) in a Bullet Blender using the standard protocol. RNA was extracted from tissue with
the Invitrogen PureLink™ RNA Mini Kit (Thermo-Fisher Inc, Wiltham, MA) using the standard protocol.
The RNA was reverse transcribed with iScript™ Reverse Transcription Supermix (BioRad Hercules, CA)
using the standard protocol. DNA products were diluted 1:1000 then used to perform a qPCR reaction
with iQ SYBR® Green Supermix (BioRad) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Thermo-Fisher) using the primers described below. All genes were run for 35 cycles with an annealing
temperature of 60°C. The target gene was compared to GAPDH and quantified using standard methods.
The following primers were used (Integrated DNA technologies, Coralville, lowa): NKCC1; Forward:
ATTGTAAGATCCGAGTATTCATTGG and Reverse: GAGAAGTCTATCCGGAATTTACTCA and CFTR; Forward:
TCAAGATACCCCCGGTGACA and Reverse: CGCACCAAATCAGCACTAGC.

Serum Measures

Serum samples were assayed for the following: glucose (Wako Diagnostics, Mountain View, CA),
insulin (Alpco Diagnostics, Salem, NH), cytokines (Milliplex Mouse Cytokine Bead Panel (EMD Millipore
Corporation, Billerica, MA) and Fatty acid binding protein 1, FABP1 (R&D Systems Inc. Minneapolis, MN),

Statistics. Data are expressed as mean + SEM. Numbers in parentheses represent numbers of tissues
used from separate individual mice. One-way ANOVA with Dunnett's multiple comparison test was
performed using GraphPad (San Diego, CA) and P<0.05 was considered statistically significant.

Results

Ussing chamber bioelectric measurements

To best determine the effect of high-fat and high-sugar diet on jejunum epithelial short
circuit current (transepithelial Cl- secretion, Isc) we examined freshly excised jejunum in
the absence and presence of agonist stimulation.

As shown in Fig. 14, C, basal Isc was significantly decreased in HFS-fed female mice
(19.6 £ 5.4 pA/cm2, n = 5, P<0.05) when compared to lean controls (67.06 + 6.18 pA/
cm2, n = 5). Ex alone partially mitigated this in females (43.3 + 6.0 pA/cm2, n = 5, P<0.05).
Neither Gen alone (23.7 £ 2.4 pA/cm2, n = 5) nor Gen+Ex (21.6 £ 6.5 pA/cm2,n = 5)
showed any effect on basal Isc. Basal Isc was similarly significantly decreased in HFS-fed
male mice (19.3 + 1.7 pA/cm2, n = 5, P<0.05) when compared to lean controls (66.8 +
8.1 pA/cm2, n = 5). Ex alone (42.4 + 6.6 pA/cm2, n = 5, P<0.05, Fig. 1B, C), and Gen alone
partially mitigated this decrease in males (31.4 + 4.6 pA/cm2, n = 5, P<0.05, Fig. 1B, C).

The cAMP stimulated Isc was measured following application of forskolin (bilateral, 10
uM, Fig. 14, 1B, D). The forskolin-mediated increase in Isc was significantly reduced by HFS
in both females and males when compared to lean controls. While there was no treatment
effect in females, however Gen alone induced a significant 1.8-fold increase in forskolin-
stimulated Isc in males (Fig. 1D). The bumetanide-inhibited Isc was significantly reduced
by HFS-diet in both females and males (Fig. 1E) but showed no significant treatment
effects. These data suggest that the diabetic-obese, HFS-fed mice have decreased jejunum
basal Isc (partially recovered by exercise in females, and either exercise or genistein in
males) and moreover, the diabetic-obese mouse has a diminished response to cAMP-
mediated Isc (partially recovered by genistein in males).
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Fig. 1. Effect of high fat/high sugar
diet, genistein and exercise on Isc. (A)
Average raw trace data of recordings
from jejunum from female mice (n =
5/group). (B) Average raw trace data
of recordings from jejunum from male
mice (n = 5/group). Controls, standard
diet (open circle, Ln), high fat high sugar
diet (solid circle, HFS), HFS + exercise
(solid square, Ex), HFS + genistein
(solid triangle, Gen), HFS + genistein +
exercise (gray square, GenEx). Basal Isc
recorded from time 0-20 mins, forskolin
(10 pM, bilateral) added at time 20
mins, bumetanide (100 pM, basolateral)
added at 40 mins. (C) Average basal Isc
at time 20 mins. (D) Average increase
in Isc with forskolin (10 pM, bilateral).
(E) Average inhibition in Isc with
bumetanide (100 uM, basolateral). Data
are means * SEM (n = 4-8/group). *
denotes P<0.05, statistical difference
to lean controls, and # denotes P<0.05,
statistical treatment effect.

Evaluation of key proteins involved in jejunum chloride secretion and nutrient absorption

Small intestinal secretion requires the interplay of several key proteins on the apical
and basolateral membranes of the crypt cells; Cl enters into intestinal epithelial cells via
the Na*/K*/2Cl- (NKCC1) co-transporter, activation of apical Cl- channels (such as CFTR)
affords a pathway for Cl- exit, basolateral K* channels maintain the driving force for apical
Cl- secretion), and Na*/K*-ATPase activity (responsible for maintaining the Na* and K*
concentration gradients across the membrane). Total protein expression of Na*/K*-ATPase,
K., CICZ were evaluated to assess their contribution towards the reduced basal I  noted in
the HFS fed mice compared to lean counterparts. Expression of total Na*/K*-ATPase protein
was comparable in all female groups. Na*/K*-ATPase protein expression was significantly
reduced 8-fold in the HFS male mice (0.08 + 0.07, n = 5, P<0.05) compared to lean controls
(0.66 * 0.18, n = 5), and Ex mitigated this (0.61 + 0.21, n = 5, P<0.05, Fig. 2A). Expression
of total K protein was comparable in all female groups. However, in males, K_ protein
expression was significantly reduced 3.4-fold in the HFS fed mice (0.18 + 0.09, n = 7, P<0.05)
compared to lean controls (0.62 + 0.15, n = 7), and Gen+Ex mitigated this (0.61 + 0.21,n =
7, P<0.05, Fig. 2B). Expression of total CIC2 protein was significantly reduced 4.7-fold in the
HFS mice (0.11 + 0.04, n = 5, P<0.05) compared to lean controls (0.54 + 0.16, n = 5), and Gen
mitigated this (0.65 + 0.16, n =5, P<0.05, Fig. 2C). However, in males, CIC2 protein expression
was comparable. Assessment of CFTR mRNA levels in female mice indicated an HFS-induced
significant decrease (0.49 + 0.04, n = 4, P<0.05, Fig. 2D) compared to lean controls (0.89 *
0.11, n = 4). Treatment groups, however, were without effect compared to the HFS group (no
changes noted among the groups in male mice). Assessment of NKCC1 mRNA levels in female
mice suggested an HFS-induced significant decrease (0.04 + 0.01, n = 4, P<0.05, Fig. 2E)
compared to lean controls (0.51 = 0.19, n = 4) and treatments were without effect. NKCC1
mRNA levels in male mice were similarly significantly decreased by HFS diet (0.24 + 0.05,
n = 5, P<0.05, Fig. 2E) compared to lean controls (0.66 + 0.18, n = 5) and treatments were
without effect. A schematic of the key transporters involved in generating I (and described
above) is shown in Fig. 2F.

319



Cellular Physiology Cell Physiol Biochem 2023;57:315-330

DOI: 10.33594/000000659 © 2023 The Author(s). Published by

and BiOChemiStry Published online: 1 September 2023|Cell Physiol Biochem Press GmbH&Co. KG

Miller et al.: Influence of High Fat High Sugar Diet on Murine Jejunum

Fig. 2. Effect of high fat/high sugar
diet, genistein and exercise on total
expression of proteins involved in
secretion in jejunum. A. Typical western
blot  demonstrating  Na/K-ATPase
expression (normalized to Actin).
Average Na/K-ATPase /Actin ratio is
shown foralldietgroups (n=4-5/group).
B. Typical western blot demonstrating
K., expression (normalized to Actin).
Average K_/Actin ratio is shown for
all diet groups (n = 4-7/group). C.
Typical western blot demonstrating
CLC2 expression (normalized to Actin).
Average CLC2/Actin ratio is shown
for all diet groups (n = 5-7/group).
D. Typical PCR-assessed CFTR mRNA
expression (normalized to GAPDH).
Average NKCC1/GAPDH ratio is shown
for all diet groups (n = 4-5/group). E.
Typical PCR assessed NKCC1 mRNA
expression (normalized to GAPDH).
Average NKCC1/GAPDH ratio is shown
for all diet groups (n = 4-5/group). F.
Schematic of a typical intestinal crypt
cell with the key transporters involved
in generating chloride secretion (image
created with Biorender.com). Note: Controls, standard diet (Ln, open bars), high fat high sugar diet (HFS,
solid black bars), HFS + exercise (HFS+Ex, horizontal line bars), HFS + genistein (HFS+Gen, hashed bars),
HFS + genistein + exercise (HFS+Gen+Ex, gray bars). Data are means * SEM. * denotes P<0.05, statistical
difference to lean controls, and # denotes P<0.05, statistical treatment effect.

Expression of total A2BR protein was significantly increased 5.4-fold in female mice fed
HFS (0.77 £ 0.11, n = 5, P<0.05) compared to lean controls (0.13 + 0.06, n = 6). Gen (0.31 *
0.17,n =6, P<0.05) and Gen+Ex mitigated this diabetes-induced increased expression (0.22
+0.06,n =5, P<0.05, Fig. 3A). Total A2BR protein expression was also significantly increased
in HFS fed male mice (0.51 * 0.14, n = 6, P<0.05) compared to lean controls (0.02 + 0.01,
n = 5, Fig. 34), and treatments were without effect. Expression of total CREB protein was
significantly increased 2.5-fold in female mice fed HFS (0.74 + 0.15, n = 7, P<0.05) compared
to lean controls (0.30 £ 0.12, n = 7), and also significantly increased 8-fold in male mice fed
HFS (0.30 £ 0.09, n = 5, P<0.05) compared to lean controls (0.05 = 0.01, n = 5, Fig. 3B) and
treatments were without effect for both sexes.

Small intestinal absorption of monosaccharide products of digestion (glucose, galactose,
and fructose) is mediated across jejunal epithelium into the enterocytes via specific
transporters. This absorption is dependent upon key transporters such as the Na*/glucose
co-transporter (SGLT1 transporting glucose and galactose on the apical membrane), the
facilitated diffusion glucose transporters (GLUT2 on the basolateral membrane and GLUT5
transporting fructose on the apical membrane) and PEPT1 (i.e., proton coupled solute
carrier 15, SLC15A1, responsible for the absorption of small peptides across the apical
membrane). Therefore, to assess alterations in the jejunum absorptive processes in HFS-
fed mice compared to lean counterparts, total GLUT2, GLUT5, SGLT-1 protein expression
was quantified using standard western blot techniques. As shown in Fig. 44, total GLUT2
protein expression, was comparable in all groups of female and male mice (however, there
was a trend for an exercise-mediated decrease in males). The amount of total GLUT5 protein
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expressed in jejunum was comparable in HFS-fed groups compared to lean controls (for
both sexes). However, in there was an Ex-induced 2-fold decrease in expression in female
mice (0.39 £ 0.07,n =7, P < 0.05) compared to HFS-fed controls (0.81 + 0.09, n = 6, Fig. 4B).
Total SGLT-1 protein expression was comparable in all female groups. However, in males
total SGLT-1 protein expression increased 1.8-fold with HFS (0.79 + 0.09, n = 7, P < 0.05)
compared to lean controls (0.43 + 0.15, n = 6, Fig. 4C), which was prevented by exercise (0.50
+0.06, n = 8, Fig. 4C, P < 0.05).

Fig. 3. Effect of high fat/
high sugar diet, genistein and A o
exercise on total expression Actin
of A2BR and CREB proteins in
jejunum. A. Typical western
blot demonstrating A2BR
expression (normalized to
Actin). Average A2BR/Actin
ratio is shown for all diet groups
(n = 5-6/group). B. Typical
western blot demonstrating
CREB expression (normalized
to Actin). Average CREB/Actin
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Intestinal health and cellular senescence

Total protein expression of p53 and pH2AX was evaluated to assess potential cellular
damage and senescence. The induction of senescence by HFS, evidenced by increased
expression of p53 in females (0.71 = 0.19, n = 4, P<0.05) compared to lean controls (0.10 =
0.05, n =5, Fig. 5A) was unchanged by treatments. In females, HFS-induced overexpression
of p53 was accompanied by significant DNA damage as evidenced by a concomitant increase
in pH2AX expression (0.72 £ 0.18, n = 4, P<0.05) compared to lean controls (0.31 + 0.03,
n = 6), which was significantly mitigated by Gen+Ex (0.31 * 0.09, n = 8, P<0.05, Fig. 5B).

Fig. 5. Effect of high fat/high sugar diet, genistein and
exercise on total expression of p53 and pH2AX proteins
in jejunum. A. Typical western blot demonstrating p53
expression (normalized to Actin). Average p53/Actin
ratio is shown for all diet groups (n = 5-6/group). B.
Typical western blot demonstrating pH2AX expression
(normalized to Actin). Average pH2AX/Actin ratio is shown
for all diet groups (n = 4-8/group). Note: Controls, standard
diet (Ln, open bars), high fat high sugar diet (HFS, solid
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There were no changes in p53 or pH2AX expression in any of the groups of male mice. These
data suggest that HFS diet may disrupt overall intestinal health and cellular senescence in
females, but not males. Of note, these assessments are made in jejunum lysates as described
in the methods section, and thus as a limitation for the study, do not assess specific cell types
that are potentially targeted by HFS diet.

Jejunum Morphology

Modifications in either jejunum crypt or villi dimensions could alter the secretory and
absorptive capacities respectively, while modifications in wall thickness could potentially
alter motility. For example, a decreased crypt depth, could provide less available secretory
epithelial cells and an increased villi length could provide a greater surface area for
absorption within jejunum (or vice versa). Therefore, we determined whether HFS altered
the morphology of the jejunum using H & E staining and analyzing for crypt depth, villi length
and wall thickness. Villi length was increased 1.19-fold by HFS feeding in females compared
to lean controls and there were no changes in villi length in males (Fig. 64). There were
no changes in crypt depth in females and males (Fig. 6B). Wall thickness was significantly
reduced by HFS-diet in males (28.19 + 1.85 um, n = 5, P<0.05) compared to leans (37.40 =
2.44 ym, n = 5) and this was mitigated by Ex (36.54 * 0.84 um, n = 6, Fig. 6C). There were
no changes in wall thickness between the HFS and lean female groups. These data suggest
that structural changes in crypt dimension are not likely responsible for the reduced basal I
noted in HFS-fed female and male mice.

Weight gain and Serum Profile

Changes in weight gain over the study duration are shown in Table 1 (females) and Table
2 (males). Female mice fed HFS exhibited a significant increase in weight gain during the
study compared to lean, and those in the HFS+Gen+Ex group presented with significantly less
weight gain compared to HFS alone (Table 1). Male mice fed HFS also exhibited a significant
increase in weight gain
compared to leans
during the study and

Table 1. The effects of exercise training, genistein, and combined exercise
and genistein on weight gain and serum glucose, insulin, FABP1 and

those in the HFS+Gen
and HFS+Gen+Ex
groups presented
with significantly less
weight gain compared
to HFS alone (Table
2). In addition, in
both male and female
mice, serum glucose
and insulin levels are
suggestive of a diabetic
state induced by HFS
diet, i.e. hyperglycemia
and hyperinsulinemia
(Table 1 and 2). Both
the hyperglycemia
and hyperinsulinemia
were  mitigated by
HFS+Gen+Ex in both
females and males.
Serum cytokine levels
determined using a
Milliplex assay are
shown. In female mice,

cytokine levels in female mice fed a high fat high sugar (HFS) diet. Values are
reported as mean * SEM for 8-10 mice/group for physical characteristics
and for 5-10 mice/group for serum measures after 12 weeks treatment.
All values for cytokines are in pg/ml. * indicates significant difference from
lean control, P<0.05, # indicates significant difference from HFHS control
(treatment effect). Abbreviations: LIX, lipopolysaccharide-induced; KC,
chemokine; IL, interleukin; MCP, monocyte chemoattractant protein; GM-
CSE, granulocyte-macrophage colony-stimulating factor; MIP, macrophage
inflammatory protein; TNFa, tumor necrosis factor alpha, FABP1, fatty acid
binding protein-1

Female Groups

Parameter Lean HFS HFS+Ex HFS+Gen HFS+Gen+Ex
Weight gain (g) 5.95+1.15 13.69+2.17* 12.26+1.95 10.09+1.79 7.05+0.57#
Adipose weight (g) 0.95+0.39 2.68+0.66* 2.65+0.52 2.22+0.54 1.65£0.22"
Glucose (mg/dL) 114.57+10.57  148.50+12.30*  134.25:13.18  150.25+18.84  113.25+13.31*
Insulin (pg/ml) 1.11£0.25 2.11%0.61* 2.010.40 3.72£1.01 0.72£0.11#
TNF alpha 3.48+0.53 3.67+0.45 3.69+0.69 4.91+0.45 4.70%0.74
GM-CSF 12.11%3.10 6.86x1.75 9.55+1.63 6.16x1.79 6.631.63
IL-1a 41.47+9.46 25.157.30 52.86+10.28 16.36+2.99 32.62+8.02
IL-1B 0.31£0.02 0.42+0.09 0.41+1.03 0.48+0.13 0.31%0.06
IL-2 5.132.39 2.1940.63 12.71%5.51 10.96+3.38 1.77+0.41
IL-4 0.08+0.01 0.07+0.02 0.16+0.06 0.15%0.03 0.17+0.05
IL-5 16.02+5.59 3.84+0.82 5.03+0.79 14.43+5.18 7.89+1.74
IL-10 2.42+0.45 2.62+0.38 2.45+0.91 2.46+0.60 2.41%0.41
IL-12 2.42+0.71 3.58+1.44 3.34+0.85 10.25+4.18 4.030.67
LIX 956.37+140.35 959.83+269.98 826.24+232.86 766.73+186.07 1212.50+220.75
KC 54.93+8.69 57.32+13.31 85.70+23.50  109.60+39.27 90.41+16.73
MCP-1 33.15+7.09 24.86+3.54 25.58+2.35 32.55+5.21 28.52+5.32
MIP-2 42.18+11.33 26.67+4.12 34.81+5.64 35.15+4.35 34.41+3.04

FABP1 (ng/ml) 0.16+0.01 0.69+0.25* 0.170.02 0.49£0.12 0.19£0.03#
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there were no changes Table 2. The effects of exercise training, genistein, and combined exercise
in serum cytokine levels and genistein on weight gain and serum glucose, insulin, FABP1 and
(Table 1). In male mice, cytokine levels in male mice fed a high fat high sugar (HFS) diet. Values are
the following serum reported as mean + SEM for 8-10 mice/group for physical characteristics
cytokine levels were and for 5-10 mice/group for serum measures after 12 weeks treatment.
significantly increased Al values for cytokines are in pg/ml. * indicates significant difference from
by HFS consumption: lean control, P<0.05, # indicates significant difference from HFHS control,
TNF-alpha, [L-12, P<0.05.Abbreviations: LIX, lipopolysaccharide-induced; KC, chemokine; IL,
LIX, KC, MCP1 (Table interleukin; MCP, monocyte chemoattractant protein; GM-CSF, granulocyte-
2). Treatment effects macrophage colony-stimulating factor; MIP, macrophage inflammatory
were variable; exercise protein; TNFa, tumor necrosis factor alpha, FABP1, fatty acid binding
significantly prevented protein-1

the changes in serum Male Groups
M C P- 1 and TN F- Parameter Lean HFS HFS+Ex HFS+Gen HFS+Gen+Ex
alpha levels; genistein  Weightgain (g) 13.31:1.04 27.34+1.74* 23.42+1.03 17.74£1.05% 12.53+1.45¢
prevented the changes in Adipose weight (g) 2.06£0.39 4.63+0.20* 4.50+0.27 3.75+0.17 2.56£0.30%
Glucose (mg/dL
KC and TNF-alpha levels, ! (mg/dL) 148.50+11.67  235.75+26.31*  215.50+33.96 147.33+10.304  106.50+5.63#
. . . Insulin (pg/ml) 3.640.49 6.54+1.09% 6.57+0.80 4.45%1.05 5.100.61*
and genistein+exercise Ioh
A TNF alpha 4.03+0.46 6.27+0.46* 3.570.89% 3.45£0.75% 3.66£0.47#
combined prevented  aucse 4385129 57.96+35.42 9.36+1.84 9.93+231 2954121
the changes in TNF- IL-1a 23.38+7.29 21.70£4.70 35.52+7.56 18.98+2.92 22.22+12.17
alpha, and MCP-1. In 1B 0.30£0.02 0.4420.10 0.37:0.06 1.02:0.41 0.25:0.03
addition, we utilized an ™? 0.59:0.26 78.79%54.18 4.42+3.46 3.40£2.00 1.95£0.94
. IL-4
ELISA assay to quantlfy 0.07+0.01 29.33+19.56 0.51+0.38 0.27+0.14 0.14+0.05
IL-5 2.90+0.47 57.98+37.58 4.71£2.11 3.92+0.66 4.98+1.61
serum levels of fatty
. o . 2.08+0.62 3.82+0.90 2.14+0.50 2.95+0.79 2.150.79
acid bmdmg protein IL-12 2.42+0.67 7.60+2.32* 9.03+4.64 8.71£3.61 6.2143.73
1, FABP1, known to LIX 1469.70+424.73  633.64+186.89* 702.32+157.81 592.29+191.88 1057.93+504.39
bind and transport KC 46.29+7.30  278.69+120.02*  90.44+8.63 65.33+11.14# 81.13+7.59
cholesterol and fatty MCP-1 21.56£1.60 80.61¢25.17%  2627+384%  21.09%3.42¢ 23.39£2.664
. MIP-2
acids (Table 1 and 2)_ 35.11£6.64 34.84+2.57 35.9243.72 39.21:8.04 60.35:19.48
FABP1 (ng/ml) 0.30+0.03 0.29+0.08 0.29+0.06 0.43+0.17 0.53+0.16

Interestingly, FABP1
was determined to be
significantly increased
by HFS diet in females only and exercise prevented this increase (no changes between
groups in males). These FABP1 data suggest that males and females respond to the increase
in caloric load differently.

Discussion

Western HFS diet induces diabetic obesity [24], however, the effects of western diet
on small intestinal function remains an understudied area. Diabetes has been shown to
elicit clinical gastrointestinal disturbances such as slowing of gastrointestinal transit [25],
and gastroparesis [26]. Various murine models have been used to mimic the diabetic
gastroparesis state, ob/ob mice (aged 6-15 weeks), and mice fed high fat diet (from age 14-
33 weeks) [25, 27-30].

A main finding of the current study showed that there were significant deficits in HFS-
fed mouse jejunum, the major site for fluid secretion in the small intestine. This is consistent
with our previously published evidence indicating decreased secretory function in the ob/
ob diabetic model [11, 23]. Specifically, in this western-diet fed model, we note significant
reductions in: (1) small intestinal basal I in HFS mice compared to leans, (2) small intestinal
forskolin-stimulated I in HFS mice compared to leans, and (3) bumetanide-sensitive [_ in
HFS mice compared to leans. We note these significant changes are evident in both female
and male mice fed HFS.
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Small intestinal secretion requires appropriate function of key transporters on the apical
and basolateral membrane of the enterocytes: Cl- enters the epithelial cells via the basolateral
Na*/K*/2Cl co-transporter, the Na*/K*-ATPase maintains Na* and K* concentration gradients
across the membrane (the sodium gradient also drives glucose absorption), K* is recycled
across the basolateral membrane via clotrimazole-sensitive basolateral K  channels [31-33],
consequently maintaining a driving force for Cl" exit across the apical membrane, via calcium-
activated and CFTR chloride channels [34-36]. Our data suggests that consumption of HFS
diet resulted in reduced basal I and likely forskolin-stimulated I_ due to sex-dependent
changes in key transporter expression: in female mice there was significant loss of CLC2 and
CFTR protein expression and in male mice there was significant loss of Na*/K*-ATPase and
K, protein expression. A significant reduction in bumetanide-sensitive I was associated
with reduced expression of Na*/K*/2Cl co-transporter protein in both female and male HFS-
fed mice.

An interesting relationship between expression of both Na*/K*-ATPase and SGLT1 has
been shown previously by Serhan et al. [37], demonstrating that insulin increased glucose
uptake with decreased Na*/K*-ATPase expression, and increased expression of SGLT1 in
Caco-2 cells and rat jejunum. Our data is somewhat consistent with that of Serhan et al. [37],
atleast in males fed HFS and accompanied by an increase in serum insulin levels (Table 2), in
that SGLT-1 expression was increased by HFS and Na*/K*-ATPase expression decreased with
HFS. This finding in the HFS fed males was also prevented through exercise, reflected in a
decrease in SGLT-1 and a concurrent increase in Na*/K*-ATPase expression, however, unlike
Serhan’ study the exercise-induced effects were not associated with a concomitant decrease
in insulin levels. These differences are likely attributed to dissimilarities in our respective
studies, i.e., varied exercise intensity used and murine model.

Intestinal inflammation has been shown to influence ionic transport, via changes in
expression/function or modification of the signaling pathways, of sodium channels, CFTR,
Na*/K*-ATPaseand NKCC1 [38,39].In experimental colitis, reduced colonicl hasbeen shown
to be a consequence of decreased chloride/bicarbonate secretion [39, 40]. Furthermore,
increased levels of TNF-a or IFN-y have been shown to have an inverse relationship with
expression of CFTR protein [41, 42]. Since diabetes is associated with inflammation, this
corresponds with the decrease in jejunum CFTR expression in HFS-fed female mice, and loss
of NKCC1 expression in both male and female HFS-fed mice.

Exercise mitigated some of the HFS-induced decrease in basal I and, in males, there was
an exercise-associated increase in Na*/K*-ATPase expression thus increasing the basal I
towards that noted in lean controls. Interestingly, while exercise improved basal I_ in female
HFS-fed mice, it was not associated with any modification in transporter protein expression.
Furthermore, genistein significantly increased CIC2 expression in females without changing
basal I_. This suggests that CIC2 expression was not the major mechanism mediating basal
I in female mice.

Genistein and insulin have been shown to synergistically stimulate insertion of NKCC1
into renal epithelial cells [43], however, in our studies, we did not note any treatment induced
changes in NKCC1 expression. This could be attributed to a variety of differences in model
systems and treatment dose/duration etc. For example, the presence of leptin in our model,
as opposed to the ob/ob mice - a model used in previous studies, may have its own effect
on [ levels. It has been shown that leptin has a time dependent positive effect on I_levels,
resulting in an increase over time [44]. It has also been shown that leptin itself can act as
a key mediator in gut inflammation, [45] and that a deficiency in this hormone may lead
to a mouse model that is more resistant to developing specific forms of gut inflammation.
This can contribute to varying levels of inflammatory markers and other cascading effects
between diabetic murine models.

During inflammatory conditions, the endogenous signaling molecule adenosine (acting
via the A2b receptor, A2bR) is known to be upregulated. Several studies have reported the
involvement of A2BR in the pathophysiological mechanisms underlying several disorders
relating to intestinal inflammation (mediated via an increase in TNFa) in colitis, obesity,
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and diabetes [6, 46-53]. Our data, demonstrating that A2BR expression was significantly
increased by HFS in both females and males, is in accord with those above-mentioned studies.
Interestingly, we note that both Gen and Gen+Ex mitigated this effect in females (not males).

In the current study, both sexes significantly increased weight gain over the 12-week
HFS diet. While females increased weight by 13.69 + 2.31 g (n = 9), males increased weight by
27.34 £ 1.73 g (n =9); demonstrating 2 times more weight gain than their female equivalents.
This suggests that the increase in weight gain with HFS feeding was sex dependent. The
association between weight gain and increased inflammation is evident in our study across
all male treatment groups. Reflected in measures of TNFa and MCP-1, as body weight
increased with HFS feeding, we observed a correlative rise in inflammation markers. As
body weight decreased with some treatments, the levels of inflammation also decreased.
This is consistent with findings from other studies that showed there are clear associations
between adiposity in mice and adipose tissue macrophage accumulation [54].

Theoretically, reduced cryptdepth, could resultinless secretory epithelial cells, and could
explain in part the reduced basal I in HFS-fed mice. However, crypt depth was comparable
in females and males fed HFS-fed compared to leans, suggesting that modifications in basal
I were not a consequence of crypt structural changes.

Our study also clearly demonstrated variation in sex specific responses to treatment
and pathology. Understanding sex-dependent differences has been an increasing area of
focus and this has been supported throughout an emerging literature in the field, yet a clear
need for further research remains. Gandhi et al. [55] showed sex differences in sugar uptake
in mice across various organs and, while their study did not specifically show this in the
small intestines, the impact of sex was well supported. Other investigations have shown
markedly different sexually dimorphic results in weight gain, small intestinal transit, and
serotonin dynamics in response to a high-fat diet. France et al. demonstrated that serotonin
uptake was fluoxetine insensitive only in male mice fed a HFD [56], demonstrating that the
effects of obesity were sex dependent and not simply a direct result of the HFD alone. Finally,
Habib et al. [57] identified differences in weight gain across male and female mice fed a
HFD. While both sexes gained weight in response to HFD (also demonstrated in our study),
this was further exacerbated by Fabpé deficiency and lead to further weight gain in males
only [57]. This suggests not only that there are sex specific responses to HFD, but also that
weight gain was not directly associated with fat absorption in the gut. This strongly supports
the influence of secondary pathways in sex specific responses to HFD induced diabetes and
obesity. The overall effects of HFS on female and male mice are summarized in Table 3: the
treatments we tested have a more robust mitigation in males versus females.

Conclusion

Our data suggests that the reduced basal jejunal I in HFS mice is attributed to sex-
dependent mechanisms and while exercise mitigated this in part, it'’s mechanism of action
was unclear. This work contributes significantly towards the current limited understanding
of small intestinal function in diabetes, and obesity induced by consumption of western
diets. Moreover, there are complex sex-dependent mechanism(s) of action of HFS on
small intestinal physiology. Improved understanding of western diet induced intestinal
dysfunctions may allow for the development of novel drug targets to treat gastrointestinal
disturbances in obesity and diabetes.
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Table 3. A summary of the effects of exercise training, genistein, and combined exercise and genistein on
mice fed a high fat high sugar (HFS) diet

Females Males
Parameter
HFS HFS+Ex HFS+Gen HFS+Gen+Ex HFS HFS+Ex HFS+Gen HFS+Gen+Ex

Basal Isc % N % 0 N
Bumetanide Isc %
Na/K-ATPase NG N
Kca \Z N
CLC2 N2 N
CFTR N
NKCC1 8% N2
A2BR ™ N2 N2 0
SGLT1 N N
P53 N
PH2AX ™ %
Weight gain 0 8% 0 2 %
TNFa N % N2 N
MCP-1 N N\ 2 %
FABP1 T N2 Vv
Villi Length a0 N
Crypt Depth N\ T N

Abbreviations

SGLT1 (sodium-dependent glucose transporter 1); GLUTZ2 (and GLUTS5, glucose
transporter protein 2 and 5); CFTR (cystic fibrosis transmembrane conductance regulatory
chloride channel); NKCC1 (sodium/potassium/2 chloride-1 co-transporter); Na*/K*-ATPase
(sodium/potassium-ATPase); K (calcium-activated potassium channel); A2BR (adenosine
A2B receptor); CREB (cAMP response binding element); GAPDH (glyceraldehyde-3-
phosphate dehydrogenase); H (& E, hematoxylin and eosin); FABP1 (fatty acid binding
protein 1);
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