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Abstract: Background/Objectives: Consumption of a high energy density diet (HED) leads to
increased body weight and fat mass, gut dysbiosis, and obesity. The aim of this study was to
characterize the initial response to HED consumption, as well as identify any sex differences, on
body composition, systemic inflammation, gut microbiome, and fecal fat excretion in rats. Methods:
Male and female Sprague-Dawley rats were fed a low energy density (LED) for 10 days and then
were switched to HED for four weeks. Food intake was measured twice a week, body weight and
body composition were measured weekly. Serum samples were collected to measure inflammatory
cytokines/chemokines. Fecal samples were collected for microbiome analysis and lipid content.
Results: Both males and females experienced increases in body weight, fat mass and fecal fat
excretion, while males were more susceptible to significant weight gain, particularly in the diet-
induced obesity-prone (DIO-P) group. Males showed elevated TGF-{3 levels, while females
exhibited increases in IP-10, RANTES, and FGFb. Changes in gut microbiota composition revealed
a reduction in beneficial species like Bacteroides uniformis and Parabacteroides distasonis and an
increase in species such as Akkermansia muciniphila. Sex differences in fat metabolism were shown
in the greater fecal fat excretion observed in males. Conclusions: Our study demonstrates that short-
term consumption of a high-energy diet elicits notable sex-specific differences in body weight, body
composition, inflammatory markers, gut microbiota, and fat excretion in Sprague-Dawley rats.
These findings underscore the importance of considering sex as a biological variable in studies of
diet-induced obesity and its metabolic consequences.

Keywords: obesity; high energy density diet; inflammatory cytokines/chemokines; gut dysbiosis;
fecal lipid excretion

1. Introduction

The World Health Organization defines obesity, in adults, as having a Body Mass Index (BMI)
greater than 30.0 [1]. Obesity is characterized by a significant increase in fat mass accumulation and
has been associated with several comorbidities, including low-grade inflammation, hypertension,
hyperglycemia, and dyslipidemia. These conditions place people at a higher risk for diseases such as
atherosclerotic cardiovascular disease, type 2 diabetes, and cancer [2,3].

Corroborated in humans and animal models, it is now widely recognized that long-term
consumption of a high energy density (HED) diet, high in fat and sugar, increases caloric intake, body
weight, and fat mass accumulation [4,5]. It has also been shown to trigger microbiota dysbiosis [6],
low-grade systemic inflammation [7], and disruptions of the vagal gut-brain axis [8] and the
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mesolimbic reward pathway [9]. In addition, Sprague-Dawley rats typically exhibit a diet-induced
obesity-prone (DIO-P) or a diet-induced obesity-resistant (DR) phenotype when exposed to a HED
[10,11]. Rats exhibiting the DIO-P phenotype have significantly increased body weights, caloric
intakes, and fat mass when compared to control or DR rats [12-14]. The emergence of these two
phenotypes typically happens within five weeks of HED consumption [14,15].

A HED consumption in animals has been shown to lead to dysbiosis in the gut, characterized
mainly by an overall decrease in bacterial diversity and an increase in the ratio of Firmicutes to
Bacteroidetes [16,17]. In addition, in a study comparing the gut microbiome of male and female rats
exposed to a HED for three weeks, males had a greater increase in the Firmicutes to Bacteroidetes ratio
than female rats [18]. A link between the increased number of Firmicutes bacteria and obesity has been
hypothesized to be due to an increased ability of members of the Firmicutes phylum to absorb
nutrients, thus increasing weight gain [19,20]. However, the genera Lactobacillus, belonging to the
Firmicutes phylum, and Bifidobacterium, belonging to the Actinobacteria phylum, are commonly used
probiotics due to their ability to reduce inflammation, food intake, and body weight gain [21]. These
observations serve as a possible link between gut dysbiosis and systemic inflammation in obesity.
High fat diet-type gut microbiota have been reported to directly influence the food-associated reward
deficit in dopaminergic signaling through the vagal afferent pathway [9]. Other common gut genera,
including Prevotella and Bacteroides (Bacteroidetes), Lactobacillus and Enterococcus (Firmicutes), and
Bifidobacterium (Actinobacteria), are hypothesized to have positive effects on dopaminergic signaling
and dopamine bioavailability [22].

The amount of fat excreted in the feces after a HED can be used to determine the amount of
dietary fat absorbed in the GI tract. In a study conducted on male mice, HED exposure significantly
increased the levels of triglycerides (umol/3 days), free fatty acids (umol/3 days), and the total dry
matter (g/3 days) in the feces [23]. Also, male mice on HED had significantly higher fecal excretion of
total sterols and fatty acids [24]. When fed a western-type HED, female mice had a slightly greater
fecal excretion of acylglycerol and cholesterol than male mice but had slightly less excretion of free
fatty acids than males [25]. However, in another study of male and female mice fed a 20% fat HED,
male mice had a greater fecal excretion of total triglycerides and total cholesterol than females [26].

Obesity has been associated with a state of chronic, low-grade inflammation that may be
responsible for many of its accompanying metabolic disorders [27,28]. Adipose tissue not only serves
a role for energy storage but also has been identified as a highly complex endocrine organ, with
adipocyte cells capable of secreting adipokines — peptide hormones capable of carrying out various
endocrine functions [29,30]. Adipokines can include both pro-inflammatory molecules, such as leptin
or interleukin-6 (IL-6), which upregulate inflammation by the recruitment of immune cells, or anti-
inflammatory molecules, like adiponectin, that reduce inflammation [31,32].

Given this gap in knowledge, in this study we sought to characterize the effect of short-term
HED consumption on fat mass accumulation, microbiota composition, systemic inflammation, and
fecal fat excretion in male and female rats. Our goal was to characterize the initial response as well as
identify any sex differences. As expected, HED consumption triggered a transient increase in caloric
intake. Although this initial response waned within a week, body weight and fat mass continued to
increase during the four-week HED consumption. Within the male cohort, we identified the DIO-P
and DR phenotypes within a week of HED consumption. HED induced a significant decrease in IL-
la in males and females. Insulin levels were significantly increased by HED in males and females.
TGEF-3 was significantly increased after HED only in males. IP-10 and RANTES were significantly
increased by HED only in females. FGFb was significantly increased by HED in females, but not in
males. Fat excretion in feces was significantly higher after HED, and this response was more
pronounced in males than females.

2. Materials and Methods
2.1. Animals

Male and female Sprague-Dawley rats (n=6 per group; ~300 g; Envigo, Indianapolis, IN) were
housed individually in conventional polycarbonate shoe-box cages in a temperature-controlled
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vivarium with ad libitum access to low energy density (LED; 5% fat, 3.25% sucrose) pellets of rat chow
(PicoLab rodent diet 20, product #5053, Fort Worth, TX) and water. Rats were maintained on a 12:12-
h light: dark cycle with lights on at 0700-h and allowed to acclimate to laboratory conditions for 1
week prior to starting experiments. All animal procedures were approved by the University of
Georgia Institutional Animal Care and Use Committee and conformed to National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

2.2. Food Intake, Body Weight, and Body Composition

Following the acclimation period, rats were maintained on a low energy density diet (LED) for
an additional ten days and were then switched to a high energy density diet (HED) (45% fat, 20%
sucrose, Research Diet #D12451, New Brunswick, NJ) for four weeks. Food intake was measured
twice. Body weight and body composition were measured weekly using a minispec LF 110 BCA
Analyzer (Bruker Corp., The Woodlands, TX).

2.3. Cytokines, Leptin, and Insulin Levels in Serum

Blood samples were collected on the last day of LED and last day of HED. The serum was
collected and stored at —21°C. A cytokine array (Rat Cytokine ELISA Kit, cat #EA-4006, Signosis Inc.,
Sunnyvale, CA) was used to measure levels of cytokines and chemokines. Insulin levels were
determined using the Rat Insulin ELISA kit (cat #80-INSRT-E01; ALPCO Diagnostics, Inc., Salem,
NH).

2.4. Microbiome Analysis

Fecal samples were collected at four timepoints: upon arrival at animal facility, after ten days of
LED, after one week on HED, and after four weeks on HED. Bacterial DN A was extracted from feces
using a commercial kit (Quick-DNA Fecal/Soil Microbe Miniprep Kit, cat #D6010, Zymo research,
Irvine, CA). High-throughput sequencing was performed using Illumina MiSeq paired-end runs
(GGBC, Athens, GA). The raw sequences were demultiplexed, filtered, trimmed and denoised using
the software Quantitative Insights Into Microbial Ecology 2 (QIIME2) version 2023.2 [33].
Subsequently, features were identified and Operational Taxonomic Units (OTUs) were picked
against the GreenGenes database for further analysis. Using the microbiome analyst platform,
bacterial abundance was normalized by log-transformation, and p-diversity ((dis-)similarities
between samples) was assessed via Principal Coordinates Analysis (PCoA) with distances
determined using the Bray-Curtis index. Significant dissimilarities between groups were determined
via permutational multivariate ANOVA (PERMANOVA) [34].

2.5. Lipid Content in Feces

Fecal samples were collected after four weeks of HED consumption. Samples from aged-
matched, LF-fed rats were used for comparison. The samples were processed and analyzed to
determine the lipid content using the acid steatocrit method as described by Tran et al. [35]. Stool (0.5
g) was diluted with a volume of deionized water equal to two times the weight of the stool and
homogenized using a 5 ml Potter Elvehjem tissue homogenizer. 5N Perchloric acid (HCIOs) was
added to the homogenate in a volume equal to one-fifth of the homogenate volume. The resulting
homogenate was mixed for 30 seconds using a standard Vortex mixer. The homogenate was aspirated
into a 75 micro-liter glass hematocrit capillary tube. The capillary tube was centrifuged horizontally
at 13000 rpm for 15 minutes. After centrifugation, the lengths of the upper fatty layer and the bottom
solid layers were measured by means of a graduated magnifying lens. Steatocrit was calculated using
the following equation:

Fatty layer length

x 100
Fatty layer length + Solid layer length
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3. Results
3.1. Consumption of a HED Diet Significantly Increased Body Weight and Fat Mass Accumulation

Caloric intake, body weight gain, and body composition are shown in Figure 1. Given that males
and females have inherently different caloric needs due to differences in body size, caloric intake is
shown as calories consumed divided by body weight in grams. Male and female rats significantly
increased their caloric intake in the first week after introduction of the HED compared to their intake
on LED (F2.071, 20.71 = 54.70, p<0.0001) (Figure 1A). This increase was transient and caloric intake
returned to LED levels by the second week on HED and remained stable thereafter. Caloric intake
was slightly higher in females than males during the second week of HED consumption (p<0.05).
Body weight was analyzed as body weight gain from the last day of LED; Within the first week of
HED feeding, there was a noticeable variance within the males with some gaining more weight than
others. Thus, the male cohort was split into two groups for further analysis: DIO-P —males with
highest weight gain— and DR -males with lowest weight gain. Two-way ANOVA showed a main
effect of time (F1, 9=48.06, p<0.0001) and cohort (F2, 9 =18.31, p<0.001). All rats gained weight within
a week of HED feeding (Figure 1B) with DIO-P rats gaining more weight than DR and female rats
(p<0.05). After four weeks on HED, weight gained had nearly doubled compared to week one
(ps<0.05). There was no difference between DIO-P and DR rats, however all males gained
significantly more weight than females (ps<0.01).
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Figure 1. High energy density diet (HED) consumption significantly increased body weight and fat
mass in male and female rats.

Consistent with the significant weight gain, body fat increased significantly with HED
consumption. Two-way ANOVA on body fat percentage showed a main effect of time (F1, 9 = 26.26,
P<0.001) and cohort (F2, 9 = 18.13, P<0.001) (Figure 1C). Within each group, fat mass accumulation
was significantly higher after four weeks on HED compared to one week (ps<0.05). After one week
of HED feeding, DIO-P rats gained significantly more fat mass than DR and female rats (ps<0.01).
This difference become more pronounced after four weeks on HED (ps<0.001). There were no
differences between DR and female rats. All rats continued to grow, as shown by their lean mass
(Figure 1D), although male rats were gaining significantly more lean mass than female rats (ps<0.05).
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3.2. HED Decreased Microbial Diversity within a Week

Analysis of fecal microbiota composition is shown in Figure 2. Fecal samples were collected on
day of LED, at the end of LED, one week after introduction of HED (HED1) and after four weeks on
HED (HED4). There was no significant difference between the two LED timepoints, thus the data
were combined for those two points. Data for males and females are presented separate to better
appreciate sex differences. HED consumption significantly reduced the number of different bacteria
species present in the gut microbiota (Two-way ANOVA, F(2,41)=43.21, p<0.0001) in males and
females within one week (Figure 2A). In males, a PERMANOVA analysis of (dis-)similarities between
samples revealed a clear separation between the fecal microbiota of LED and HED timepoints (F =
12.457; p=0.001) (Figure 2B). LED microbiota composition was significantly different from HED1
(p=0.002) and HED4 (p=0.002). The microbiota composition at HED1 was also significantly different
from HED4 (p=0.002). In females, a PERMANOVA analysis of (dis-)similarities between samples
revealed a clear separation between the fecal microbiota of LED and HED timepoints (F = 12.237;
p=0.001) (Figure 2B). LED microbiota composition was significantly different from HED1 (p=0.003)
and HED4 (p=0.003). The microbiota composition at HED1 was also significantly different from
HED4 (p=0.005).
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Figure 2. High energy diet (HED) intake had a negative impact on gut microbiota composition.

Shown are mean + SEM kcal consumed per g body weight (a), body weight gain (b), fat mass
percentage (c), and lean mass percentage (d) for male rats (n = 6) and female rats (n = 6) fed a LED
baseline-diet for ten days and then switched to HED for four weeks. Male rats were then split into
DIO-P (n = 3) and DR (n = 3) groups and body weight gain (e), and fat mass percentage (f) were
analyzed. Both males and females significantly increased their caloric intake when switched to the
HED (Ps<0.01), but caloric intake decreased after one week and remained stable until the end of the
study. HED consumption significant increased body weight gain in males after two weeks (P=0.0042),
while significant body weight gain was observable in females after four weeks (P=0.0065). Both males
and females had a significantly increased body fat percentage after one week of HED feeding
(Ps<0.05), yet only females continued to increase body fat percentage until the end of the study. Males
exhibited a clear 50% split in fat mass percentage which is consistent with DIO-P and DR phenotypes.


https://doi.org/10.20944/preprints202410.0118.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0118.v1

6

Both males and females had a significantly decreased lean mass percentage after four weeks of
switching to the HED Ps<0.05). Male rats in the DIO-P group had a significantly greater body weight
gain (P=0.0088) and fat mass percentage (P=0.0087) than males in the DR group. Bars denoted with
the same letter within each sex are not significantly different. Asterisk indicates statistical significance
between sex or group at the given time-point, *P <0.05, **P <0.01, ****P <0.0001.

In general, HED comsumption led to a significant decrease in species belonging to the phylum
Bacteroidetes compared to LED in males (One-way ANOVA, F(2,21)=62.08, p<0.0001) and females
(One-way ANOVA, F(2,21)=25.86, p<0.0001) (Figure 2C). The abundance of members of the species
caccae of the genus Bacteroides, uniformis of the genus Bacteroides, and distasonis of the genus
Parabacteroides were significantly depleted by HED compared to LED (ps<0.01). We further
identified a significant increase in species belonging to the Firmicutes phylum in males (One-way
ANOVA, F(2,21)=43.29, p<0.0001) and females (One-way ANOVA, F(2,18)=9.552, p=0.0015),
specifically the species Flavefaciens of the genus Ruminococcus. In addition, the species Muciniphila
of the genus Akkermansia (phylum Verrucomicrobia) was significantly increased after four weeks of
HED in males (One-way ANOVA, F(2,21)=24.13), p<0.0001) and females (One-way ANOVA,
F(2,21)=6.68, p=0.0057).

A. Shannon index shown as mean + SEM for each group. HED significantly decreased the
number of different bacterial species present in the gut microbiome within one week of diet
introduction. B. Principal coordinate analysis was analyzed using a pairwise PERMANOVA. The
microbiota of the animals clustered together during LED and was significantly different after one
week of HED and after four weeks of HED. C. Bacterial abundance at the phylum level was
quantified. Bacteroidetes and Firmicutes were the most abundant bacterial phyla in all groups. HED
consumption significantly decreased the abundance of members of the Bacteroidetes phylum,
specifically the species caccae, uniformis, and distasonis. HED consumption significantly increased
members of the Firmicutes phylum, specifically the species flavefaciens, and the Verrucomicrobia
phylum, specifically the species muciniphila. There was no differences in microbial composition or
bacterial abundance between males and females. Bars denoted with the same letter are not
statistically different. LED (n=12): Low energy density diet; HED1 (n=6): high energy density diet,
one week consumption; HED4 (n=6): high energy density diet, four weeks consumption.

3.3. Male Rats Excrete More Fat in Their Feces Than Female Rats

Analysis of fat content in fecal samples from LED and HED-fed revealed that males,
independent of diet, excreted significantly more fat in their feces than females (F1, 19 = 42.45,
P<0.0001) (Figure 3). The difference was evident in LF-fed animals and became more pronounced
with HED consumption.
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Figure 3. Consumption of a high energy density diet (HED) significanly increased fecal fat excretion
in rats.
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Shown is mean + SEM fecal fat percentage for male rats (n = 6) and female rats (n = 6). HED
consumption significantly increased fecal fat percentage in both males and females (Ps<0.01), but
males had a significantly greater fecal fat percentage than females after the LED (P=0.0332) and HED
diets (P<0.0001). Bars denoted with the same letter within each sex are not significantly different.
Asterisk indicates statistical significance between sex at the given time-point, *P <0.05, **P <0.01,
****P <0.0001.

3.4. HED Consumption Affects Cytokine and Chemokine Levels in Serum

Cytokine and chemokine levels were measured in sera collected at the end of the ten-day LED
and after four weeks of HED consumption using an ELISA cytokine array and are shown in Figure 4
and Table 1. We observed that levels of IL-1a were significantly lower after being on a HED for four
weeks (F1, 10 = 30.77, P<0.001) (Figure 4A). This effect was independent of sex. HED significantly
increased TGF-f3 in male rats but it was not affected in female rats (p<0.05) (Figure 4B). In contrast,
IP-10 was significantly increased by HED consumption in female rats but not in male rats (p<0.05)
(Figure 4C). Levels of RANTES were significantly decreased by HED in female rats but remained
unaffected in males (p<0.05) (Figure 4D). FGFb was not affected by HED consumption (F1, 10=0.2210,
P=0.6484) (Figure 4E). However, HED-fed females had significantly higher levels than males (p<0.05)
(Figure 4E). Further analysis revealed in LED-fed males, DR rats had significantly higher levels of
FGFb compared to DIO-P rats (Figure 4F). This difference was abolished with HED consumption
(Figure 4F). Consistent with previous reports, insulin was significantly higher after HED compared
to LF (F1, 8 = 174.3, p<0.0001) (Figure 4G), with males exhibiting significantly higher levels than
females (p<0.05) (Figure 4G). Furthermore, there was no difference in insulin within the male cohort
when fed LF. However, DIO-P rats had higher levels of insulin than DR rats (Figure 4H). Short-term
HED consumption did not affect serum levels of IL-6, VEGF, TNF-a, IFN-y, MCP-1, SCF, MIP-1«, IL-
1B, IL-5, IL-15, and leptin (Table 1).

Table 1. Cytokine levels in serum.

Males Females
Cytokines Category LED HED LED HED
IL-6 Pro-andanti-— 0,1 L 0001 00270003  0.018+0.001  0.020+0.002
inflammatory

IL-5 Proinflammatory 0.059+0.007  0.047+0.003  0.053+0.003  0.058 +0.005
IL-15 Proinflammatory 0.051+0.006  0.045+0.004  0.047+0.003  0.046 + 0.002
IL-1B8 Proinflammatory 0.070+0.007  0.056 +0.002  0.065+0.003  0.062 + 0.004
Leptin Proinflammatory 0.050+0.006  0.041+0.002  0.046 +0.003  0.043 +0.003
VEGF Proinflammatory 0.029 + 0.003 0.027 + 0.001 0.028 + 0.002 0.028 + 0.003
TNF-a Proinflammatory 0.057+0.007  0.044+0.004  0.053+0.003  0.050 +0.005
MCP-1 Proinflammatory 0.027+£0.003  0.022+0.001  0.028+0.003  0.023 +0.001
IFN-y Proinflammatory 0.056 +0.008  0.045+0.004  0.052+0.003  0.047 +0.003
MIP-1a Proinflammatory 0.019+0.001  0.017+0.002  0.017+0.001  0.020 + 0.001
SCF Stem cell factor  0.074 +0.010 0.076 + 0.016 0.067 + 0.004 0.058 + 0.004

Values are expressed as means + SEM. Cytokine levels were measured in male (n = 6) and female (n = 6) rats after
ten days on a low energy density (LED) diet and after four weeks on a high energy density (HED) diet. Cytokine
levels were measured using Optical Density (OD) of sera in a cytokine array.
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Figure 4. Shown are mean + SEM optical density (OD) of serum IL-1a (a), TGF-p (b), IP-10 (c),
RANTES (d), FGFDb (e), and FGFb for males split into DIO-P and DR groups. Serum concentration of
insulin (ng/ml) is shown for males and females (g) and for males split into DIO and DR groups (h).

Both males and females had significantly decreased serum IL-1a after the HED compared to LED
(P=0.0013 and 0.0065, respectively). Males had significantly increased levels of TGF-f3 after HED
compared to LED (P=0.0258), while females had significantly increased IP-10 levels after HED
compared to LED (P=0.0326). Females had significantly greater levels of RANTES than males after
LED (P=0.0037), which decreased significantly in after HED diet (P=0.0132). Females had significantly
greater levels of FGFb than males after four weeks of the HED (P=0.0478). When males were split into
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DIO-P and DR groups, males in the DR group had significantly higher levels of FGFb after LED
(P=0.0021), but there were no significant differences after HED. Both males and females had
significant increases in serum insulin after HED (Ps<0.0001), with males having significantly greater
levels than females (P=0.0148). Males in the DIO-P group had greater serum levels of insulin than
males in the DR group after HED, but this difference was not significant (P=0.0734). Bars denoted
with the same letter within each sex are not significantly different. Asterisk indicates statistical
significance between sex or time-point, *P <0.05, **P <0.01, ***P <0.0001.

4. Discussion

In the current study, we sought to characterize the initial responses of body weight, body
composition, inflammatory markers, gut microbiome, and fat excretion in feces to HED consumption
in male and female rats using a short-term HED feeding model. Here we show that although males
and females exhibit increase body weight, fat mass accumulation, and fat excretion in feces in
response to HED, the magnitude of the response differs between the sexes. The immediate impact on
the gut microbiota composition is varied and complex as we identified depletion of species that have
been associated with benefits to the host, uniformis and distasonis, but also increased abundance of
species that have been associated with benefits to the host, flavefaciens and muciniphila. We further
report differences in inflammatory markers in males and females in response to HED consumption.
HED induced a significant decrease in IL-1a in all rats. Insulin levels were significantly increased by
HED in all rats. TGFb was significantly increased after HED only in males. IP-10 and RANTES were
significantly increased by HED only in females. FGFb was significantly increased by HED in females,
but not in males. Fat excretion in feces was significantly higher after HED, and this response was
more pronounced in males than females.

Consistent with prior reports, consumption of a HED diet triggered a transient increase in caloric
intake, that was quickly reduced to a level equivalent with LED intake [14,36,37]. Although males are
heavier than females [38], and thus have a greater caloric requirement [39], there was no difference
in caloric intake between males and females after adjusting for body weight. Despite males and
females having similar caloric intakes relative to body weight, male rats gained twice as much weight
as females, 48.8g vs 20.7g, respectively. Males were also quicker than females to show significant
increases in body weight. These findings add to the existing body of literature suggesting that males
are highly susceptible to HED-induced obesity while females exhibit certain protection from short-
term HED-induced alterations in energy balance [40-42]. In a study on the proteome of brown
adipose tissue by Choi et al., female rats had greater levels of proteins associated with thermogenesis
and fat oxidation than males, along with lower levels of lipogenic proteins [43].

A trend was observed when looking at body weight gain, as half of the males gained
significantly more weight than the others. This is consistent with the DIO-P and DR phenotypes first
identified by Levin et al. in 1983 [10]. Consistent with previous reports, when body weight gain was
examined between these two phenotype groups separately, males in the DIO-P group had
significantly greater body weight gain than DR rats [44,45]. Although there was no significant
difference between the groups after the fourth week of HED, this is likely due to cohort size.

As previously shown [46—48], HED diet consumption induced a significant increase in body fat
percent within one week of HED feeding, and body fat percent continued to increase throughout the
duration of the study. Although males gained significantly more body weight than females after four
weeks of HED consumption, no significant sex differences were found for body fat percent at any
time-point in the study. Prior studies have reported a significantly higher body fat percent in males
than in females [49,50]. This may be a result of the emergence of the DIO-P and DR phenotypes for
the male rats, so body fat percent was analyzed separately with the two groups split. Males in the
DIO-P group had a significantly higher body fat percentage than the DR group at all time points,
which is consistent with prior reports [51,52]. DIO-P rats had a similar body fat percentage as female,
which was significantly higher than in DR rats. Concurrent with the increase in body fat percentage
in both males and females, both groups had a significantly decreased lean mass percentage that
continued to decrease with increasing time on HED [47].
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Gut bacterial diversity was significantly reduced by HED consumption. Low microbial diversity
has been associated with adiposity, insulin resistance, and a more detrimental inflammatory profile
[53]. Although the validity of the Firmicutes to Bacteroidetes ratio as a hallmark of the obese
phenotype is still widely discussed, previous reports have shown that there is a decrease in
Bacteroidetes abundance with a proportional increase in Firmicutes in obese compared to lean
subjects [54-56]. Results from the present study further corroborate these findings given that one
week of HED consumption was sufficient to trigger a significant increase in members of the
Firmicutes phylum and a significant decrease in members of the Bacteroidetes phylum. We show that
HED decreased abundance of the species uniformis, which is considered a beneficial bacterium as
they can produce short-chain fatty acids and other metabolites that help regulate metabolism [57].
Similarly, Parabacteroides distasonis, which was significantly reduced by HED, has been shown to
improve the obese phenotype through the production of succinate and secondary bile acids in the
gut [58,59]. Interestingly, we identified a decrease in abundance in the species caccae. This change has
potential beneficial consequences as this species has been associated with increased intestinal
inflammation [60]. The observed increase in abundance of species flavefaciens and muciniphila could
represent an initial response from the host to counteract the detrimental metabolic impact of HED
since the species flavefaciens has been reported to be essential in reducing hepatic fat accumulation
[61] and muciniphila are known beneficial microbes that have been associated with improved body
fat mass and glucose tolerance [62].

Consistent with prior reports, HED consumption significantly increased fecal fat excretion in
both males and females [63,64]. Fat content in feces nearly tripled in males and duplicated in females
after HED compared to LED. This discrepancy may be explained by sex differences in lipid
absorption and metabolism. Female Sprague-Dawley rats have been reported to absorb dietary fat
significantly faster and to be more efficient at oxidizing fat than males [65]. Slower fat absorption in
males may explain the elevated fecal fat excretion and increased oxidizing efficiency might remediate
the increased fat absorption in females. Furthermore, estrogen in females has been hypothesized to
influence sex differences in fat metabolism. Estrogen has been found to inhibit lipoprotein lipase,
which hydrolyzes triglycerides into fatty acids for uptake by fat cells, and increase growth hormone,
leading to lower fat storage and increasing fat mobilization [66].

Our results revealed that HED diet consumption induced significant changes in levels of IL-1a,
TGEF-pB, IP-10, RANTES, FGFb, and insulin. Both males and females had significantly decreased levels
of IL-1ax after four weeks of HED consumption. This finding in consistent with prior reports in males
[36] and females [67]. A study using IL-1a KO mice suggest that a deficiency and/or reduction in IL-
la might exert a protective effect against HED diet induced obesity and its metabolic consequences,
through a finding of decreased adipose tissue weight and glucose intolerance in the knockout mice
[68].

HED consumption significantly increased levels of TGF-f3 in male rats, consistent with a report
from Kundu et al. [69]. There were no changes in TGF-3 in female rats. Pinhal et al. reported that
female rats fed a HED did not have significantly increased renal expression of TGF-( after five weeks
on the die [70]. Although findings from a study using Smad3 knockout mice suggests that
suppression of the TGF-f3/Smad3 improves insulin sensitivity [71], the increase observed in male rats
may be due to its ability to inhibit adipogenesis [72].

In the current study, HED consumption significantly increased IP-10 levels in females while
having no effect on males. This is consistent with our previous report on short-term HED diet in
males [36]. Given that females have been previously shown to exhibit no changes in IP-10 levels in
response to a 60% fat diet after a 10-month dietary intervention [73], it is possible that this immediate
response disappears over time.

Serum levels of RANTES were unaffected by HED feeding in males, however we observed a
significant decrease in females. Previous studies have reported an increase in mRNA expression of
RANTES in the pancreas [74] and muscle tissue [75] in male rats in response to long-term high fat
consumption, yet no response to short-term HED intake [36]. To our knowledge, this is the first-time
circulating levels of RANTES are evaluated in female rats in response to HED consumption.
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Females had significantly greater levels of FGFb than males after HED feeding. When males in
the DR and DIO-P groups were further analyzed for FGFD levels, the males in the DR group had
greater levels than DIO-P males at baseline and after the HED intervention. Rapid adipose tissue
expansion results in hypoxia, leading to the release of pro-angiogenic factors [76]. It is possible that
this finding is due to an increased response by DR males and female rats to adipose tissue hypoxia
induced by the HED.

Consistent with previous reports, HED significantly increased insulin levels in all animals.
However, this increase was significantly more pronounced in DIO-P males compared to females and
DR males [51,77-81].

Although the HED triggered a significant decrease in IL-1« in both males and females, the other
interleukin measured - IL-6, IL-5, IL-15, and IL-1§3 - were unaffected. In addition, there were no
changes in levels of VEGF, TNF-a, MCP-1, IFN-y, MIP-1a, and SCF.

Leptin is produced by white adipose tissue adipocytes and that acts as a hormone in appetite
suppression and as a proinflammatory cytokine in immune signaling through the upregulation of
TNF-a and IL-6 secretion from macrophages [82,83]. In the current study, no differences in leptin
levels were found. Males exhibiting no significant changes in leptin levels is consistent with our prior
report and one by Gémez-Crisdstomo et al., in which males fed either a control, 30% sucrose, 30% fat,
or 30% sucrose/30% fat diet did not show any significant differences in serum leptin after two months
on the diets [36,84]. Females have also shown this trend in a four week study on both of two HED
diets, although the two diets contained 78.7% kcal of fat and 92.8% kcal of fat, respectively [85]. The
lack of an effect on leptin levels between the diets may be explained by the ability of leptin to induce
STAT3 signaling in short-term HED diets, which is diminished as the diet continues in long-term
[86]. The hypothalmic STAT3 signaling pathway is required for leptin’s actions on food intake and
becomes resistant to activation by leptin after prolonged high-fat feeding [86,87]. This short-term
HED diet was not long enough to induce leptin resistance in the STAT3 pathway, thus leptin levels
were not elevated from the baseline.

5. Conclusions

In conclusion, our study demonstrates that short-term consumption of a high-energy diet (HED)
elicits notable sex-specific differences in body weight, body composition, inflammatory markers, gut
microbiota, and fat excretion in Sprague-Dawley rats. While both males and females experienced
increases in body weight, fat mass, and fecal fat excretion, males were more susceptible to significant
weight gain, particularly in the diet-induced obesity-prone (DIO-P) group. Differences in
inflammatory responses further highlight sex-specific adaptations, with males showing elevated
TGF-$3 levels, while females exhibited increases in IP-10, RANTES, and FGFb. Changes in gut
microbiota composition, characterized by a reduction in beneficial species like Bacteroides uniformis
and Parabacteroides distasonis and an increase in species such as Akkermansia muciniphila, suggest
complex host-microbe interactions that may mitigate the metabolic impact of HED. Additionally, sex
differences in fat metabolism, likely influenced by estrogen, were evident in the greater fecal fat
excretion observed in males. These findings underscore the importance of considering sex as a
biological variable in studies of diet-induced obesity and its metabolic consequences.
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