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Abstract

High-fat diet (HFD) induced obesity is associated not only with metabolic dysregulation, e.g.,
impaired glucose homeostasis and insulin sensitivity, but also with neurological dysfunction
manifested with aberrant behavior and/or neurotransmitter imbalance. Most studies have examined
HFD's effects predominantly in male subjects, either in the periphery or on the brain, in isolation
and after a finite feeding period. In this study, we evaluated the time-course of selected metabolic,
behavioral, and neurochemical effects of HFD intake in parallel and at multiple time points in
female (C57BL/6) mice. Peripheral effects were evaluated at three feeding intervals (short: 5-6
weeks, long: 20-22 weeks, and prolonged: 33-36 weeks). Central effects were evaluated only
after long and prolonged feeding durations; we have previously reported those effects after the
short (5-6 weeks) feeding duration) [1]. Ongoing HFD feeding resulted in an obese phenotype
characterized by increased visceral adiposity and, after prolonged HFD intake, an increase in liver
and kidney weights. Peripherally, 5 weeks of HFD intake was sufficient to impair glucose
tolerance significantly, with the deleterious effects of HFD being greater with prolonged intake.
Similarly, 5 weeks of HFD consumption was sufficient to impair insulin sensitivity. However,
sensitivity to insulin after prolonged HFD intake was not different between control, low-fat diet
(LFD) and HFD-fed mice, most likely due to age-dependent decrease in insulin sensitivity in the
LFD-fed mice. HFD intake also induced bi-phasic hepatic inflammation and it increased gut
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permeability. Behaviorally, prolonged intake of HFD caused mice to be hypoactive and bury
fewer marbles in a marble burying task; the latter was associated with significantly impaired
hippocampal serotonin homeostasis. Cognitive (short-term recognition memory) function of mice
was unaffected by chronic HFD feeding. Considering our prior findings of short-term (5-6 weeks)
HFD-induced central (hyperactivity/anxiety and altered ventral hippocampal neurochemistry)
effects and our current results, it seems that in female mice some metabolic/inflammatory
dysregulations caused by HFD, such as gut permeability, appear early and persist, whereas others,
such as glucose intolerance, are exaggerated with continuous HFD feeding; behaviorally,
prolonged HFD consumption mainly affects locomotor activity and anxiety-like responses, likely
due to the advanced obesity phenotype; neurochemically, the serotonergic system appears to be
most sensitive to continued HFD feeding.

Keywords

High-fat diet; Glucose intolerance; Insulin sensitivity; Hepatic inflammation; Hypoactivity;
Anxiety

1. Introduction

Obesity has reached epidemic proportions globally, affecting people of different gender,
ethnicity, age, and socioeconomic status [2]; both genetic and environmental factors
contribute to its development [3]. Among the environmental factors, consumption of energy-
dense, high-fat diets (HFD), frequently paired with increasingly sedentary lifestyles, plays a
key role in obesity pathogenesis [4, 5].

Detrimental effects on the brain of excess weight gain and/or obesity following intake of
dietary fat have been reported. For example, emotional, i.e., anxiety/depression, and/or
cognitive deficits have been observed in obese individuals, as well as in rodents fed HFD
[6-10]. It is noteworthy that majority of these reports are reflective of neurological
manifestations at a single time point post HFD consumption and in the case of laboratory
studies, most of the data are on males. To begin to fill the female-specific data void, in a
recently published study we demonstrated that HFD intake by female C57BL/6 mice, even
for a relatively short period (5-6 weeks), can cause emotional (anxiety-like) and locomotor
(hyperactivity) deficits and associated neurochemical changes in specific regions (ventral
hippocampus [VHIP]) of the brain [1]. However, excessive intake of dietary fat in humans is
typically of a long-term, chronic nature.

Besides neurological deficits, studies have demonstrated HFD-induced adverse peripheral
effects, notably diabetes, a major obesity related co-morbidity that affects > 25 million
people in the US alone. Obesity is characterized as a low-grade inflammatory disease [11]
and obesity-associated inflammation originates, at least partially, from the gut microflora
[12]. Obesity is associated with an increase in gut permeability and a leaky gut allows
translocation to the circulation of bacterial pro-inflammatory factors, which can increase
liver synthesis of inflammatory cytokines [13, 14]. These cytokines, through series of
signaling events, can lead to insulin resistance [15, 16]. In rodents, administration of pro-
inflammatory bacterial products results in inflammation and insulin resistance [12].

Physiol Behav. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishna et al.

Page 3

Inflammatory changes in response to HFD in key insulin-sensitive tissues, such as liver,
have been reported in males [13, 17, 18]; the time-dependent progression of gut
permeability, peripheral inflammation, and accompanying metabolic dysregulation is
understudied.

In this paper, we aimed to (i) extend our previous work (on HFD-induced early central
effects [1]) by looking at the concomitant peripheral effects (if any) following HFD
consumption for a period of 5-6 weeks in female C57BL/6 mice and (ii) evaluate the time
course of neurobehavioral/neurochemical and metabolic/inflammatory effects in female
mice after long (20-22 weeks) and prolonged (32-36 weeks) HFD feeding. The extended
feeding durations were selected based on data indicating that leptin signaling dysregulation,
characterized by hyperleptinemia or leptin resistance, develops in male and female mice
after 15-20 weeks on HFD [19-23] and that leptin status affects anxiety behavior and
serotonin signaling [24]. In addition learning deficits caused by HFD appear to be age-
dependent [25].

To determine the HFD-induced metabolic and inflammatory alterations in the periphery,
metabolic tests such as glucose tolerance and insulin sensitivity tests (GTT and IST,
respectively) were performed. Additionally, gPCR was conducted to analyze the HFD-
induced alterations in the expression of key inflammatory markers in the liver; gut
permeability was assessed using FITC-dextran. To assess the potential neurobehavioral
consequences of continued HFD consumption, as we had done with mice fed HFD for
shorter duration [1], we conducted several behavioral tests that could effectively assess
locomotor (open field, grip strength and pole tests), emotional (forced swim and marble
burying tests) and cognitive alterations (novel object recognition test) that might be affected
by diet. To investigate potential HFD-induced neurochemical correlates to the measured
behaviors, monoamines (dopamine [DA], serotonin [5-HT], norepinephrine [NE]) and their
metabolites were measured in different brain regions implicated in the control of locomotor
activity and/or regulation of emotional and/or cognitive functions (prefrontal cortex [ PFC],
nucleus accumbens [NAc], striatum [STR], dorsal hippocampus [dHIP] and ventral
hippocampus [VHIP]).

2. Materials and methods

2.1. Animals

Female C57BL/6 mice (Harlan, Indianapolis, IN) were housed (4-5 per cage) in an
environmentally controlled room (22-24°C) with food and water available ad libitumon a
12 h light/dark cycle in an AAALAC accredited facility throughout the study. Mice were
given one-week acclimatization period before initiation of the experiments. All procedures
were in accord with the latest National Institutes of Health (NIH) guidelines and were
approved in advance by the Institutional Animal Care and Use Committee (IACUC) of the
University of Georgia.
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2.2. Animal treatment

Mice (6—7 weeks old) weighing 16.0 + 0.20 g (mean = SEM) were randomly divided into
two groups (n = 8/group/time point) and placed on either a low-fat diet (LFD; 10% kcal
from fat, D12450J, Research Diets, Inc., New Brunswick, NJ) or a high-fat diet (HFD; 60%
kcal from fat, D12492, Research Diets) for a period of 6, 22, or 36 weeks. The LFD diet
provided 3.85 kcal/g of energy (70% carbohydrate, 20% protein, 10% fat, of which 22.7%
saturated fatty acids [SFA], 29.9% monounsaturated fatty acids [MUFA], 47.4%
polyunsaturated fatty acids [PUFA]). The HFD diet supplied 5.24 kcal/g of energy (20%
carbohydrate, 20% protein, 60% fat, of which 32.0% SFA, 35.9% MUFA, 32% PUFA).
Compared to normal regular chow, LFD is phytoestrogen-free and it is appropriately
matched in composition (micronutrients and carbohydrate [sucrose]) with the purified HFD
diet [26, 27]; hence, purified LFD is increasingly used over regular chow as a control diet
[19, 28-30].

Glucose tolerance (GTT) and insulin sensitivity (IST) tests were performed after 5, 20 and
33 weeks of HFD treatment. Behavioral tests were carried out after 21 and 32 weeks of HFD
consumption. GTT, IST and behavioral tests procedures are described in detail below. Mice
were sacrificed at three time points (6, 22 and 36 weeks), body weights (BW) were recorded
and organs (brain, liver, spleen, kidneys and thymus) were harvested, weighed, and quickly
frozen at —80°C. Brain (22 and 26 weeks) and liver (6, 22, and 36 weeks) samples were used
for, respectively, neurochemical and gPCR (described below) analysis. At all data collection
time points, mice's estrous cycle stage was not monitored. The experimental design is
presented in Fig. 1. We would like to note that the morphometric and liver g°PCR data from
the 6 week time point reported in this manuscript are from the same cohort of mice used in
our recently published study [1].

2.3. Glucose tolerance test (GTT) and insulin sensitivity test (IST)

After 5, 20 and 33 weeks (n = 8/group/time point) on respective diets, GTT and IST were
performed in succession (3 days apart) on the same animals over a 2-h time window and
after a 3-h fast [17]. Glucose (2 g/kg BW; oral) and insulin (0.5 1U/Kkg; i.p.), both from
Sigma (Sigma-Aldrich, St. Louis, MO), were administered and blood glucose levels were
determined with a glucometer (TRUEresult®, Nipro Diagnostics, Fort Lauderdale, FL) by
serial tail bleeds at various time points (GTT: 0, 15, 30, 60, 90, and 120 min; IST: 0, 15, 30,
60, 75, 90, 105, and 120 min). During IST, those animals with blood glucose levels lower
than 20 mg/dl (glucometer's low-end sensitivity) for two consecutive time points were given
a single bolus of glucose to prevent them from developing severe signs of hypoglycemia;
blood glucose value of 20 mg/dl was assigned to these animals.

2.4. Behavioral tests

Behavioral tests were performed in succession over 3 days after 21 and 32 weeks (n = 8/
group) on respective diets as in [1]. Animals were naive to the testing ambience at each time
point of behavioral testing and all tests were performed by a treatment-blinded experimenter
in a designated behavioral testing room located nearby, but separate, from that in which
animals were housed.
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2.4.1. Open field—Mouse activity was monitored for a period of 30 min in an open field
arena (25 cm x 25 cm x 40 cm; Coulbourn Instruments, Whitehall, PA) with Limelight
software (Actimetrics, Wilmette, IL) as described previously [1, 31]. Parameters evaluated
included: (1) distance traveled (cm/5 min intervals); (2) time spent in defined regions,
namely the center versus periphery of the square arena, analyzed per 5 min intervals; and (3)
number of rearings during the first 5 min of open field testing.

2.4.2. Pole test—After 5 min resting period (following the open field test), mice were
placed head-up on top of a vertical gauze-wrapped pole (1 x 55 cm; d x h) as detailed in
[32]. A total of four trials were completed with a 3-5 min resting period between each trial.
The average times to turn, to descend, and the total time spent on the pole from the four
trials were used for statistical analysis. The maximum turning time allowed was 60 s and the
maximum total time allowed per trial was 120 s [31].

2.4.3. Grip strength—Forelimb grip strength was measured using a strength gauge with
an attached mouse specific square wire grid (6 cm x 6 cm; Bioseb, France) as previously
described [31, 32]. The average grip force (in newtons [N]) of the four trials (with 1 min
inter-trial interval) was used for statistical analysis.

2.4.4. Novel object recognition (NOR)—The NOR was conducted at the beginning of
day 2 of behavioral testing with the previous day 30-min open field testing period used as a
habituation phase, as described in [32]. Briefly, during the training phase, mice were placed
in the open field arenas in the presence of two identical objects and were allowed to explore
them for 5 min. After 1 h rest in their home cages, mice were placed back into the arenas
with one familiar and one novel object and allowed to explore them for 5 min. Number of
approaches towards the familiar or the novel object, as well as times spent exploring the
familiar or the novel object were used to determine novelty preference as in [32].

2.4.5. Forced swim test (FST)—Following the NOR test and a 1.5-h rest period in the
home cage, FST was carried out as detailed in [32]. Mice were placed in a large beaker filled
with 3L of water (29+1 °C) for 15 min. The total times spent swimming, climbing, or
immobile were scored using the Limelight video tracking software (Actimetrics) in a
treatment-blind manner.

2.4.6. Marble burying test (MBT)—This test was performed on day 3 as described
previously [1, 33, 34]. Clean testing cages were filled with a 4-5-cm layer of pine bedding
(American Wood Fibers, Columbia, MD). Mice were individually placed in these cages for
10 min (habituation phase). After a 40-min home cage resting period, mice were placed back
into the cages which now contained twenty glass marbles (diameter ~10 mm, Panacea
Products Corp., Columbus, OH), evenly placed on the bedding arranged in a 4 x 5 matrix for
a 10 min testing phase. The number of marbles buried (at least two-thirds covered by
bedding material) was counted based on images collected at times 0 and 10 min of the
testing phase [33, 34].
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2.5. Neurochemistry

Regional brain concentration of monoamines and their metabolites was measured using
HPLC with electrochemical detection as we have described it previously [35]. Briefly,
micropunches (1.5-mm diameter) from PFC, NAc, STR, dHIP and vHIP were collected
from 500-um thick sections, placed in centrifuge tubes containing 100 ul of 0.2 N perchloric
acid, sonicated, and centrifuged (13,200 g at 4°C for 10 min). An aliquot (20 pl) of the
supernatant was injected into the HPLC for determination of: (1) DA and its metabolites:
DOPAC (3, 4-dihydroxyphenylacetic acid) and HVA (homovanillic acid); (2) 5-HT and its
metabolite 5-HIAA (5-hydroxyindoleacetic acid) and (3) NE (norepinephrine) and its
metabolite MHPG (3-methoxy-4-hydroxyphenylglycol). Prior to statistical analysis, all
neurochemistry data were normalized on per mg of protein basis. Protein digestion and
concentration determination was done as previously described [35].

2.6. Intestinal permeability

Testing of intestinal wall integrity was based on [36], with some modifications. Briefly, after
6, 22 or 36 weeks on their respective diets, mice were fasted for 3 h and administered FITC-
labeled dextran (4,000 kDa; Sigma) diluted in sterile saline (1000 mg/kg, 200 mg/ml) via
oral gavage. After 1 h, mice were deeply anesthetized with CO», blood was collected by
cardiac puncture, centrifuged (10,000 rpm for 3 min at 4°C) and plasma FITC-dextran
concentration was determined with a spectrophotometer (SpectraMax M3; Molecular
Devices, Sunnyvale, CA) at 485/535 nm excitation/emission wavelengths and a standard
curve (8.0-0.125 pg/ml) as in [36].

2.7. Real-time guantitative PCR (gPCR)

Total RNA from liver tissue (20 mg) was isolated using a GeneJET ™ RNA Purification Kit
(Thermo Fisher Scientific, Pittsburgh, PA) and quantified using a Take 3 plate and Epoch
microplate spectrophotometer (Bio-Tek, Winooski, VT). RNA was converted to cDNA
using qScript cODNA SuperMix (Quanta Bioscience, Gaithersburg, MD) and a Peltier
thermal cycler (Bio-Rad, Hercules, CA). Using 3 ng of cDNA per sample (with each sample
run in duplicate), expression of key inflammation-related genes, such as tumor necrosis
factor alpha (TNFa), interleukin-6 (IL-6) and haptoglobin (Hp), was determined by gPCR
using mouse-specific primers (Real Time Primers, Elkins Park, PA) and SYBR Green-based
master mix (Qiagen, Valencia, CA). Amplifications were performed on a Mx3005P qPCR
machine (Stratagene) and treatment differences were calculated as a fold change by the 28
Ct method with 18S used as a house-keeping gene (HKG) as in [32].

2.8. Statistical analysis

Two-way ANOVA (duration x treatment) was used initially to analyze the morphometric
data, gut permeability, neurochemical and behavioral endpoints (except as specified below).
Student's T-test was used to analyze the effect of HFD on these endpoints within a time
point. Two-way analysis of variance (ANOVA) was conducted to analyze the open field
(treatment x time [interval]) and GTT/IST (treatment x time) data within a time point. Prior
to statistical analysis, the blood glucose integrated areas under the curve (AUC) in the GTT
and IST tests were calculated using the trapezoidal method [37]. These data were subjected
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to 2-way ANOVA (duration x treatment) analysis prior to post hoc. If ANOVA's overall
main effects were found significant, treatment means were separated by Student-Newman-
Keuls post hoc test. All results are presented as mean + SEM and are considered significant
at P<0.05.

3.1. Body weight and organ weights

LFD and HFD groups did not differ with respect to the initial BW (LFD vs. HFD: 16.0 +
0.13vs. 16.2 £ 0.11, P > 0.30; Fig. 2). After 6 weeks, HFD-fed mice were significantly
heavier than the LFD mice (LFD vs. HFD: 20.08 + 0.38 vs. 25.00 + 0.99, P < 0.001; Fig. 2).
After 22 weeks on respective diets, HFD-fed mice were also significantly heavier (P <
0.001; Fig 2). Specifically, HFD feeding for 22 weeks resulted in a 29% greater increase in
BW compared to mice fed LFD for 22 weeks (P < 0.001; Fig 2). HFD consumption for
another 14 weeks, i.e., a total of 36 weeks, resulted in an even greater difference (109%)
between the LFD and HFD-fed mice (P < 0.001; Fig 2). Also, the BW of 36-week HFD-fed
mice was significantly higher than 22-week HFD-fed mice (P < 0.001; Fig 2). Compared to
a 69% weight increase in the LFD-fed mice over the 36 week period, HFD-fed mice's BW
increased by 242% at the 36 week time point (Fig. 2).

HFD consumption for 6, 22 or 36 weeks did not affect the absolute weights (g) of brain,
spleen and thymus (P = 0.07; Fig. 3A, B and C). However, when normalized to total body
weight, HFD feeding for 6, 22 or 36 weeks significantly decreased the relative weights (g/kg
BW) of brain, liver, kidneys and spleen (P < 0.05; data not shown); relative thymus weight
was significantly decreased only after 36 weeks of HFD feeding (P < 0.05; data not shown).
Additionally, HFD intake for 36 weeks (Fig. 3C), but not 6 or 22 weeks, significantly
increased the absolute liver and kidney weights (P < 0.01; Fig. 3A and B).

3.2. Glucose tolerance test (GTT)

The fasting (0 min) baseline blood glucose level of HFD-fed mice was significantly (P <
0.001) greater than LFD after 5 or 20 weeks (Fig. 4A and 4B), but not after 33 weeks on
respective diets (P > 0.2; Fig. 4C). Following oral glucose challenge, the hyperglycemia in
HFD-fed mice after 5, 20, or 33 weeks of feeding was significantly higher than in the LFD-
fed mice at the remaining time points (15, 30, 60, 90 and 120 min) recorded (P < 0.01; Fig.
4A, 4B and 4C); HFD-induced hyperglycemia after 33 weeks of feeding was the most
prominent (P < 0.001). Compared to LFD-fed mice within a time point, the integrated area
under the curve (AUC) for GTT was 78%, 43% and 90% greater in mice fed HFD for 5, 20
and 33 weeks, respectively (P < 0.001; Fig. 4D). Furthermore, the GTT AUC of 33-week
HFD-fed mice was significantly greater than the GTT AUC after 5 or 20 weeks of HFD
feeding (P < 0.001; Fig. 4D).

3.3. Insulin sensitivity test (IST)

Mice fed HFD for 5 or 20 weeks, but not 33 weeks, showed a significant (P < 0.05) increase
in the baseline blood glucose level (Fig. 4A’, 4B’ and 4C’). Both LFD and HFD-fed mice
after 5, 20 or 33 weeks showed a similar response kinetics to insulin characterized by
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decreased blood glucose level at 15 and 30 min post insulin challenge (Fig. 4A’, B’ and C’).
Starting at 60 min post insulin challenge, the 5 week HFD-fed mice showed an early blood
sugar rebound with the blood glucose levels returning to almost normal level by 2 h (Fig. 4A
7); their LFD-fed counterparts remained greatly hypoglycemic throughout the 2 h sampling
period (Fig. 4A"). However, by 20 weeks, starting at 60 min post insulin challenge, both
LFD and HFD fed mice showed a rebound in the blood glucose level; nonetheless, the blood
glucose level of HFD mice remained consistently higher than the LFD group (P < 0.05; Fig.
4B’). Similar to 20 weeks, we observed a rebound in the blood glucose level in the 33-week
LFD and HFD-fed mice beginning 60 min post insulin injection (Fig. 4C’). However, their
blood glucose (LFD vs. HFD) mice did not differ at any of the time points recorded from 60
min to 120 min post insulin challenge (P = 0.10; Fig. 4C"). Compared to corresponding LFD
mice, the AUC for IST was significantly higher in the HFD mice after 5 (101%, P < 0.01;
Fig. 4D") or 20 weeks (26%, P < 0.001; Fig. 4D’), but not after 33 weeks (P > 0.09; Fig. 4D

/).

3.4. Intestinal permeability

Although 6 and 22 weeks of HFD feeding resulted in a similar fold (2.1) increase in the
plasma FITC-dextran concentration, only the latter one reached significance (P < 0.05; Fig.
5), likely due to the greater variability in the 6 week HFD group (P = 0.10; Fig. 5). Similar
to the 22 week data, after 36 weeks on the diet, continued HFD intake increased the FITC-
dextran plasma levels (P < 0.05; Fig. 5), suggesting that HFD consumption by female
C57BL/6 mice increases the gastrointestinal permeability, with the effect being more
prominent during longer duration on a HFD.

3.5. Liver gPCR

HFD feeding for 6, 22 or 36 weeks did not alter the levels of hepatic TNFa mRNA levels (P
> 0.20; Fig. 6). Hepatic mRNA expression of the other pro-inflammatory cytokine, I1L-6,
was significantly upregulated after 6 (2.1-fold, P < 0.01; Fig. 9), but not after 22 or 36 (P =
0.15; Fig. 6) weeks of HFD intake. Except for 22 weeks, the mRNA expression of the
inflammatory marker Hp was significantly increased in the livers of 6- (1.9-fold, P < 0.05;
Fig. 9) and 36- week HFD-fed mice (1.8-fold, P < 0.01; Fig. 6).

3.6. Behavior

3.6.1. Open field—Mice's locomotor activity after 21 weeks of HFD intake did not differ
from that of the LFD-fed mice (P = 0.50; Fig. 7A). As expected, both LFD and HFD-fed
mice habituated to the arenas over time and their overall activity decreased (distance
traveled: 4322.77 £ 212.76 vs. 4761.72 + 375.96 cm in first 5 min and 3455.85 + 173.62 vs.
3604.58 + 362.26 cm in last 5 min of LFD and HFD groups, respectively; data not shown).
Vertical activity, measured by the number of rearings during the first 5 min of open field
exploration was also unaffected after 21 weeks of HFD feeding (P > 0.35; data not shown).
Similarly, the mean times spent in the center or periphery (data not shown) of the arena were
unaffected by 21-week HFD intake (P = 0.40; Fig. 7B).

After 32 weeks of HFD intake, two-way ANOVA demonstrated overall significant main
effects of diet (P < 0.001) and interval (5 min time period; P < 0.05), but without any
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significant interaction between the two (P = 0.42) with respect to the distance traveled in the
open field arena; the locomotor activity of HFD-fed mice was significantly lower (P <
0.001; Fig. 7A). As expected, both LFD and HFD-fed mice habituated to the arenas over
time, but HFD-fed mice were hypoactive throughout the 30-min testing (data not shown).
For example, their locomotor activity during the 6" (LFD vs. HFD: 3882.11 + 254.68 vs.
2919.32 + 397.74 cm) 5-min interval compared to their activity during the 15t interval (first
5 min) of open field testing (LFD vs. HFD: 5237.61 + 289.47 vs. 3584.66 + 233.79 cm) was
significantly (P < 0.05) lower (data not shown). HFD-fed mice also showed a significant
decrease in rearing (LFD vs. HFD: 21.6 + 2.76 vs. 13.14 + 1.35; P < 0.05; data not shown).
At 32 weeks, the mean distance travelled by the LFD mice was significantly greater than at
21 weeks; on the contrary, mice in HFD group were hypoactive at 32 weeks compared to
their activity at 21 weeks (P < 0.05; Fig. 7A). At this time point, the mean time spent in the
center (LFD vs. HFD: 76.14 + 5.01 vs. 38.28 + 4.84 s per 5 min; Fig. 7B) and periphery
(LFD vs. HFD: 223.76 + 5.01 vs. 261.62 + 4.84 s per 5 min; data not shown) was
significantly (P < 0.001) decreased and increased, respectively, by HFD.

3.6.2. Pole test—HFD intake for 21 or 32 weeks produced robust, significant (3.1 and 2.1-
folds, respectively) increase in the mean turn time during the pole test (P < 0.01; Fig. 7C).
The other two pole test parameters, time to descend and total time, were not affected by
HFD after either 21 or 32 weeks of HFD intake (P = 0.15; data not shown).

3.6.3. Grip strength—The mean grip strength of LFD-fed mice was significantly
increased at 32 weeks compared to the 21-week time point (P < 0.05; Fig. 7D). HFD intake
for 21 weeks significantly increased the average forelimb grip strength (P < 0.01; Fig. 7D).
However, after 32 weeks of HFD consumption, the mean grip strength was not different
from that of mice fed LFD for 32 weeks (P > 0.90; Fig. 7D).

3.6.4. Novel object recognition (NOR)—Mice exhibited normal NOR performance
after 21 or 32 weeks of HFD consumption evidenced by the significantly increased novel
object preference of both LFD and HFD-fed mice in terms of time (P < 0.05; Fig. 8A) or
approaches (P < 0.05; data not shown).

3.6.5. Forced swim test (FST)—Mice fed HFD for 21 or 32 weeks did not show any
significant difference with respect to the swimming time compared to mice fed LFD (P =
0.35; Fig. 8B); the total times spent climbing and immaobile were also unaffected after either
21 or 32 weeks on HFD (P = 0.10; data not shown).

3.6.6. Marble burying test (MBT)—Compared to LFD-fed mice, 21 weeks on HFD did
not affect (P > 0.30) the number of buried marbles (Fig. 8C). By 32 weeks, mice from both
LFD and HFD groups buried less marbles (P < 0.01; Fig. 8C). However, the HFD-fed mice
performed much worse than the LFD-fed controls and they buried significantly fewer
marbles (P < 0.01; Fig. 8C).
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3.7. Neurochemistry

In the PFC, 22 or 36 weeks of HFD consumption did not affect DA or its metabolites (P =
0.09; Table 1). Similarly, HFD feeding for 22 weeks did not change the PFC concentration
of NE (P = 0.50; Table 1), 5-HT (P = 0.80; Fig. 7A) or their metabolites (P = 0.15; Fig. 7B
and Table 1). However, continued HFD feeding for 14 more weeks resulted in a significant
increase in PFC NE concentration (P < 0.01; Table 1) and an in apparent trend towards 5-
HT decrease (P = 0.06; Fig. 9A), without affecting their metabolite levels (P = 0.25; Fig. 9B
and Table 1).

In the NAc, 22 or 36 weeks of HFD feeding did not cause any alterations of DA or its
metabolites (P = 0.10; Table 1). Neither 22 (P < 0.06; data not shown) nor 36 (P = 0.15; data
not shown) weeks of HFD intake significantly affected the NAc 5-HT and 5-HIAA levels.

Striatal concentrations of DA or its metabolites (P = 0.25; Table 1), as well as of 5-HT or its
metabolite (P = 0.09; data not shown) were unaffected by HFD regardless of feeding
duration.

Dorsal hippocampal neurochemistry remained unaffected after 22 weeks of HFD
consumption (P = 0.10; Fig. 9C, D and Table 1). However, continued HFD intake
significantly increased and decreased, respectively, DOPAC (P < 0.01; Table 1) and 5-
HIAA (P < 0.01; Fig. 9D) levels after 36 weeks on HFD; their parent (DA and 5-HT,
respectively) neurotransmitters were not affected (P = 0.55; Fig. 9C and Table 1).

Contrary to the lack of HFD effect on the dorsal hippocampal neurochemistry after 22
weeks on HFD, DA and NE monoamine homeostasis was noticeably affected in the vHIP at
this time point (Table 1). Specifically, 22 week HFD intake significantly increased the
concentrations of the DA metabolite DOPAC and of NE and its metabolite MHPG (P <
0.05; Table 1); vHIP 5-HT homeostasis was unaltered after 22 weeks on HFD (P = 0.40;
Fig. 9E and F). By 36 weeks, similar to HFD's effect in the dHIP, vHIP 5-HT homeostasis
(decreased 5-HIAA, P < 0.01; Fig. 9F) was compromised.

4. Discussion

Epidemiological evidence has associated increased high-fat consumption and obesity with
the development of metabolic syndrome and neurological deficits [38—40]. Despite the
progressive and chronic nature of excessive dietary fat intake, most of the experimental
studies have evaluated the adverse effects of HFD consumption after a single time point and
have mostly done so in males. In this study, a continuum of our previous work which
investigated the central effects of relatively short-term (5-6 weeks) HFD consumption in
female mice [1], we sought to determine the associated/concomitant peripheral metabolic
effects at this relatively early time point after HFD intake and to follow the progression of
selected central and peripheral aberrations in the event of continued HFD consumption. The
main findings from this work include: (i) continued HFD consumption caused an obese
phenotype associated with early and sustained visceral (6, 22 and 36 weeks) and delayed
intra-organ (liver and kidneys; 36 weeks) fat deposition; (ii) HFD-induced glucose
intolerance was apparent as early as after 5 weeks on HFD, persisted throughout the feeding
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duration, and was greatest at the end of the study; (iii) HFD-induced insulin resistance at the
early and intermediate time points was not apparent at the late stages, likely due to age-
related decrease in insulin sensitivity seen in control, LFD-fed mice; (iv) chronic HFD
feeding increased gastrointestinal permeability and induced bi-phasic hepatic inflammation;
(v) behaviorally, the HFD-fed mice were hypoactive, less coordinated, and less anxious, but
these effects were mostly seen at the end of the dietary study; (vi) neurochemically,
hippocampal serotonergic dysfunction was the most prominent effect and it was observed
after prolonged HFD intake.

HFD-induced accumulation of visceral fat (evidenced by the decrease in the relative organ
weights) and subsequent increase in body weight has been demonstrated by multiple animal
studies [41, 42]. Although, in the female mice, HFD's effect on body weight was apparent as
early as after 6 weeks on the diet, it became more pronounced with continued HFD
consumption. Prolonged HFD consumption resulted in an advanced obese phenotype
characterized by exaggerated weight gain and increased absolute liver and kidney weights,
suggesting that the weight gain is at this stage is not only due to intra-abdominal, but also to
intra-organ (liver, kidneys) fat deposition as chronic HFD-induce increase in absolute liver
weight correlates with increased intra-organ fat deposition [43]. Preferentially increased
visceral fat accumulation has been observed in female, but not male mice, fed HFD for a
chronic period, suggestive of the sex-specific differences in the visceral adiposity upon
exposure to HFD [44]. Interestingly, similar sex-specific pattern of fat distribution has been
observed in humans with obese females showing excess visceral deposition as compared to
obese males [44] and the greater female susceptibility to high-carbohydrate diet induced
non-alcoholic liver disease was attributed in part to visceral fat-specific signaling defects
[45].

There appears to be a close association between obesity and inflammation; inflammation in
insulin-sensitive tissues, such as liver and adipose tissue, is implicated in the development of
insulin resistance [46]. Obesity-associated disruption in the intestinal epithelial barrier
integrity and subsequent translocation of bacterial components from the gut into the
circulation has been associated with the development of systemic metabolic abnormalities
[12, 36], in part by enhanced inflammation and downregulation of insulin signaling proteins
[15, 16]. In this study, HFD increased gastrointestinal permeability, evidenced by an
increased plasma FITC-dextran level, with the effect being more prominent at the latter
stages of the feeding duration. Hence, it is conceivable that the increased gut permeability
might have contributed to the impaired glucose tolerance and insulin resistance we observed,
but this needs to be studied in more detail in the future.

The glucose intolerance, which was observed as early as after 5 weeks of HFD feeding,
persisted with continued HFD consumption, and was most pronounced towards the end of
the study; this suggests that in female C57BL/6 mice impaired glucose tolerance appears
early, persists, and is exacerbated with continued HFD intake. Besides being glucose
intolerant, mice were insensitive to insulin after short-term (5 weeks) HFD feeding, which
has been demonstrated elsewhere [17, 47]. Interestingly, we found that compared to matched
LFD controls HFD-fed mice remained insulin-resistant after 20, but not after 33 weeks on
HFD. The lack of HFD effect at 33 weeks is likely due to age-related, diet-independent loss
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of insulin sensitivity [48]. In support of this, we found that after 5 weeks, the control LFD-
fed mice (young adults at the time) were highly insulin sensitive. However, by 33 weeks
(middle-aged adults at this stage), the LFD-fed mice, while still glucose-tolerant, were
relatively insulin-resistant, which is indicative of a normal non-insulin mediated uptake of
glucose from the circulation [49]; on the contrary, the non-insulin dependent resolution of
glycemia is highly susceptible to the effects of HFD. Central administration of hormones,
such as leptin or fibroblast growth factor 19, restored glucose tolerance in insulin- or leptin-
deficient diabetic rodent models; the anti-diabetic effect of these hormones was attributed to
an increased glucose uptake in tissues such as skeletal muscle, heart and brown adipose
tissue [50]. In this regard, the normal glucose tolerance (in the presence of impaired insulin
sensitivity) exhibited by LFD mice at the later stage could be due to a compensatory
increase in hormones that are implicated in glucose disposal, such as leptin. Overall, our
data are suggestive of an age-dependent differential mechanism in the regulation of
peripheral glucose uptake that allows for the maintenance of normal glucose tolerance in the
face of some insulin resistance; this interesting finding needs to be investigated further.

In order to assess whether the observed HFD-induced alterations of glucose homeostasis
were associated with peripheral tissue inflammation, we evaluated the expression of key
inflammatory molecules in the liver. Inflammation and subsequent development of insulin
resistance has been demonstrated before [51-53]. In this study, hepatic expression of TNFa
was unchanged, but the expression of both IL-6 and Hp was significantly upregulated after 6
weeks of HFD feeding. Increased hepatic IL-6 levels, depending on timing could be viewed
its pro- or anti-inflammatory [54], but based on the concurrent rise in the hepatic Hp and the
general tight correlation between inflammation and inflammatory cytokine-induced Hp
expression [55, 56], it could be inferred that the liver of the HFD-fed mice was inflamed at
this stage of HFD intake. Compared to the early response, liver was relatively less
vulnerable to HFD (evidenced by unaltered mRNA levels of TNFa, IL-6 and Hp) after 22
weeks of HFD feeding, suggesting the development of transient hepatic tolerance to HFD.
Similar to 22 week data, levels of TNFa and IL-6 remained unchanged in the livers of 36-
week HFD-fed mice, but Hp was upregulated. In humans, C-reactive protein and serum
amyloid A (acute phase proteins linked to systemic insulin resistance) showed an initial rise
and rapid decline within 24-72 h following an inflammatory stimulus, whereas Hp remained
elevated 10 days after the onset of inflammation [57]. Of note, liver Hp levels that increased
after 1 week of HFD feeding remained elevated after 16 weeks of HFD intake in male mice
[58]. Put together, our female mice data showing recurrent increase in the hepatic Hp levels
(even in the absence of a significant change in TNFa or IL-6) during the late stage of HFD
feeding together with the consistent increase in the HFD-induced gut permeability (plasma
FITC-dextran levels) is indicative of an ongoing chronic low-grade inflammation.

Sex-specific differences in the development of obesity and associated metabolic
abnormalities have been reported by several animal and human studies. Specifically, studies
suggest that males are more susceptible to obesity than females [59-61]; the protection
against obesity in females is attributed to the direct effects of the circulating estrogen levels
on insulin/glucose homeostasis, body fat distribution and pro-inflammatory markers [62,
63]. Estrogen also downregulates hepatic lipogenesis [64, 65], which could be a potential
reason for why the hepatic fat deposition (evidenced by the increased absolute liver weight)
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in our female mice was delayed and was observed only during the later stages of HFD
intake. However, it is worth noting that several animal studies, including ours, have
demonstrated peripheral (adipose tissue/liver) inflammation, metabolic abnormalities and
visceral fat accumulation even within relatively shorter duration of HFD intake in female
subjects [66—-68]. Importantly, several conflicting results have been reported regarding the
anti- or pro-inflammatory actions of estrogens in both animals and humans [69-73].
Nevertheless, the modest effect of chronic HFD intake on hepatic inflammation
(characterized by elevation only in Hp, but not TNFa or IL-6, levels after 36 weeks on
HFD) and the delay in hepatic fat accumulation (evidenced by increased absolute liver
weight after 36, but not 6 or 22, weeks on HFD) observed in our mice is in line with
previous reports showing early onset of fat infiltration or inflammation in the liver in males
and relative lesser susceptibility to HFD-induced liver damage and non-alcoholic fatty liver
disease (NAFLD) in females [74—77]. However, additional studies conducting side-by-side
comparisons of males and females over a range of feeding durations, which also monitor,
among others, circulating estrogen levels in both sexes, are needed to investigate this
apparent sex-specific difference in susceptibility to NAFLD in more detail.

Several animal studies exist on HFD-induced alteration in the circulating estrogen levels and
associated changes in reproductive functions of female subjects [78-80]. We did not
investigate the hormonal effects of HFD feeding in the current study as it was not our
primary goal. However, in our prior neurobehavioral and electrophysiological study we
found that the distribution of mice across the stages of the estrus cycle was not different
between the LFD and HFD groups after 6 or 11-12 weeks on respective diets [1], suggesting
that the data at the early time point in the current study are not affected by differential
cyclicity, which is estrogen-dependent [81]. While earlier research from Balasubramanian et
al. [79] demonstrated estrus cycle irregularities following HFD consumption it did so in diet
induced obese (DIO) rats (generated by selective breeding of outbred Sprague-Dawley rats
over generations to retain their propensity to gain body weight), which are genetically
predisposed to diet-induced obesity. We cannot exclude the possibility of HFD-fed female
mice showing altered estrus cyclicity as a consequence of chronic (22 or 36 weeks) intake of
dietary fat in our study, but age-dependent, diet-independent loss of normal cyclicity [81],
might have mitigated dietary influences in the oldest (36 weeks on the diet) mice. With
regard to the HFD-induced estrus cycle irregularities, earlier studies have demonstrated
obese female mice spending more days in estrus phase [60], while others have shown
prolongation of diestrus in HFD-fed mice [78]. Hence, it is possible that following chronic
HFD intake, the female mice in our study might cycle irregularly and hence their estrus
cycle stage could confound the behavioral endpoints measured. Intriguingly, it has been
demonstrated that the phase of the estrus cycle per se has no significant effect on the
behavior of C57BL/6 mice in open field or in anxiety-related tests and that their behavior
remains stable across different phases of the estrus cycle [82]. This, together with the lack of
increased variability of the behavioral data from the HFD-fed mice and the fact all mice
used in this study were housed in the same room and hence the likelihood of them cycling
through the same estrus phase is high [83], that suggests that HFD intake is less likely to
have had a significant impact on the behavioral endpoints we measured in the current study.
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Prior to our study, information on the time-course of behavioral changes in the face of
continued HFD feeding and in females was lacking. Earlier, we demonstrated that 5 weeks
of HFD intake increases locomotor activity in female mice [1]. Here, we found that the
HFD's effect on locomotor activity was no longer evident by 21 weeks which is in line with
a previous report showing absence of locomotor deficits in mice fed HFD for similar
duration [7]. Interestingly, mice with advanced obese phenotype caused by continued HFD
consumption for another 11 weeks (total 32 weeks) displayed locomotor deficits,
characterized by decreased locomotor activity in the open field test. Taken together, our
previous [1] and current findings demonstrate a biphasic effect of HFD consumption on
locomotor activity in the female with the initial increased locomotor activity dissipating over
time and further following an opposite trend (decreased locomotion) with continued HFD
consumption, likely due to an advanced obese phenotype. Besides diet, age is another factor
that could influence the locomotor activity of mice in this study. Generally, locomotion
decreases with advancing age in humans [84]; however, animal studies have reported
inconsistent results regarding the age-related changes in the locomotor behavior. For
example, some studies have demonstrated age-related decline in locomotor activity in WT
mice [85-87], while others have reported no significant age-related changes in locomotion
[88, 89]. We found a significant increase in locomotion in the control LFD mice at 32 weeks
compared to the 21 week time point, but our mice were not aged as the mice in [85-87].

Previously we also found that 5 weeks of HFD feeding to female mice resulted in a trend
towards increased grip strength [1]. The significant increase in forelimb grip strength after
21 weeks on HFD observed in this study is indicative of an increased skeletal muscle mass
and muscle strength in addition to the increase in HFD-induced body fat mass. This
phenomenon has been observed in humans when overweight individuals' absolute muscle
strength and power are increased compared to that of lean counterparts [90, 91]. However,
given the unaltered grip strength after the late stage (32 weeks) of HFD intake, it seems that
after a certain time point the increase in body fat content does not translate into further
increase of muscle mass and strength; this has also been observed in humans [92, 93]. While
some studies have demonstrated a decrease in muscle strength with advancing age [85-87],
we found a significant increase in the forelimb grip strength of the control LFD mice at 32
weeks compared to the 21 week time point. However, even after prolonged LFD/HFD
feeding our mice were less than 1 year old, whereas the decreased muscle strength is
observed in much older (= 20 months) mice [85-87].

Several studies with male rodents have demonstrated emotional disturbances, characterized
by increased anxiety and/or depression following HFD consumption [7, 94]. Our prior work
showed elevated anxiety-like behavior in female mice fed a HFD for 5 weeks [1]. Here, we
found that HFD consumption for 21 weeks did not induce anxiety-like behavior in the open
field, FST or MBT tests. Increasing evidence has shown the existence of a hippocampal
regional dissociation, with the dHIP and vHIP showing, respectively, preferential roles in
the modulation of spatial memory and anxiety-related behaviors [95-97]. Besides VvHIP,
PFC is another forebrain region that plays an important role in emotional regulation [98].
Specifically, PFC acts as a downstream target in the modulation of anxiety-like behaviors
(because of the direct efferent projections to it from the vHIP) and thus, not surprisingly, a
functional interaction between these two brain regions during anxiety has been reported
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[95]. Importantly, it has been recently shown that a synchronized interaction between both
PFC and vHIP and not necessarily activity alone in either brain region, is crucial to drive
anxiety-like behaviors [99]. Interestingly, the increased anxiety exhibited by the HFD-fed
female mice in our prior study was associated with significantly altered monoamine
homeostasis in both PFC and vHIP [1]. That said, our findings of a lack of an apparent
change in PFC monoamine homeostasis (even in the presence of a significantly altered
ventral hippocampal monoamine [DA and NE] balance) in conjunction with the unaltered
anxiety level exhibited by mice at 21 weeks suggest that a monoamine imbalance in both
prefrontocortical and ventral hippocampal (and not necessarily vHIP alone) brain regions is
necessary for an altered anxiety response to be observed.

By 32 weeks, the HFD-fed mice spent decreased time in the center and increased time in the
corner of the open field arena, which is typically indicative of an increased anxiety level
[100, 101]. On the contrary, the observed drastic reduction in the number of marbles buried
by the 32-week HFD-fed mice as compared to the age-matched LFD controls generally
suggests decreased anxiety [102]. Our neurochemical data offer an explanation of this
apparent discordant interpretation of the open field and MBT tests. We found that the
serotonergic, but not dopaminergic or noradrenergic signaling was significantly altered; 32-
week HFD-fed mice had decreased hippocampal 5-HT utilization or 5-HT turnover
(evidenced by the decreased 5-HT metabolite concentration). Information on the
mechanisms underlying HFD-induced serotonergic dyshomeostasis and how it translates to
an altered mood response is limited. Recently, the anxiogenic/depressive-like phenotype of
mice fed a HFD was attributed to an increased sensitivity of the dorsal raphe 5-HT1a
autoreceptor and subsequent reduction in hippocampal 5-HT level [103]. Additionally, the
involvement of HFD-induced neuroinflammatory changes in brain regions associated with
mood regulation, such as hippocampus has been reported [104]. Specifically, enhanced brain
cytokine expression associated with high-fat consumption and obesity has been related to an
increased activation of indoleamine 2,3 dioxygenase (IDO) that can lead to decreased
tryptophan (the primary amino acid precursor of 5-HT), which in turn can contribute to
decreased 5-HT synthesis [104, 105]. In this regard, the impaired serotonergic homeostasis
we observed in chronically HFD-fed obese female mice in our study might be associated
with an increased state of neuroinflammation that is in turn stemming from HFD-induced
peripheral (hepatic) inflammation and metabolic dysregulation. Unlike the dietary effect, the
brain serotonin levels remained relatively unaffected with advancing age in this study as
demonstrated previously [106].

Interestingly, earlier studies have reported sex-specific differences in serotonergic activity
with female rats showing greater serotonin metabolism or serotonin utilization (evidenced
by much higher 5-HIAA/5-HT ratio in the dorsal raphe nucleus (midbrain structure involved
in anxiety regulation) compared to male rats [107]. Importantly, it was shown that the
observed increase in serotonergic activity of female rats was independent of their estrus
cycle stage [107]. Similarly, another study showed that although the 5-HT level in the
auditory midbrain changed in response to changes in the behavioral context, the observed
effect was independent of the estrus phase of the female mice tested [108]. Hence, in light of
these findings, we posit that even if there is any variation in the estrus cycle stage induced
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by chronic dietary fat intake in this study, the chances of it affecting the 5-HT metabolism is
remote.

Different forebrain regions, such as PFC, dHIP and vHIP, regulate mood and anxiety [95,
109, 110]; dopaminergic, noradrenergic and/or serotonergic dysregulations have been
implicated in emotional disorders, such as anxiety and/or depression [109, 111, 112]. For
example, several animal studies have associated increased dopaminergic or serotonergic
utilization and/or turnover with increased anxiety-like behavior [113-115]. That said, the
decreased forebrain serotonergic turnover observed in this study after 36 weeks of HFD
feeding is suggestive of reduced anxiety; hence, the behavior exhibited by the mice in the
MBT, and not the open field test, could be viewed as a more accurate reflection of their
anxiety-like response. Taking into account the decreased locomotor activity of the mice in
the open field test, their increased corner time or decreased center time could merely be a
result of their overall decreased locomotion and not necessarily a manifestation of altered
anxiety level [116]. Collectively, our previous 5-week neurobehavioral data [1] combined
with the present data suggest that in female mice, the HFD-induced locomotor and
emotional deficits are fluid, with the initially exhibited hyperactivity and increased anxiety
[1] transitioning to hypoactivity and reduced anxiety in advanced obese phenotypes. Studies
in male rodents have reported that HFD can act as an anxiogenic or as an anxiolytic agent
depending on the duration of HFD exposure [8]. Specifically, in male rodents, short-term
HFD feeding has been found to decrease anxiety [117, 118], whereas long-term HFD
consumption increases it [8, 119]. Our data suggest that the female response to HFD in
terms of anxiety may differ from the one in males, but this needs to be investigated.

Previously, we also found that relatively short (5 weeks) HFD feeding did not affect the
short-term non-spatial object recognition memory [1]. Here, we show that mice displayed
intact short-term NOR memory after 21 or 32 weeks of HFD feeding, which suggests that
HFD consumption by female mice, regardless of the duration, does not affect their short-
term non-spatial memory. These findings are consistent with earlier studies in male rodents
that demonstrated intact recognition memory after short- or long-term HFD feeding [7, 120,
121]. However, the decreased NOR performance observed in middle-aged (9-month) male
mice fed HFD for a chronic period (4 months) [122] indicates that the HFD's effect on non-
spatial recognition memory might have a different outcome when HFD diet is initiated at a
later stage of life.

Chronic low-grade central/peripheral inflammation is implicated in the development of
neurodegenerative disorders and metabolic dysfunctions [123-125]. In this study, prolonged
(36 weeks) HFD consumption resulted in an advanced obese phenotype in female mice with
an associated increase in hepatic inflammation (increased Hp levels) and development of
metabolic dysfunction, such as glucose intolerance and insulin resistance. Interestingly,
metabolic dysregulation, including impaired glucose metabolism and abnormal appetite
regulation, exhibits comorbidity with neurodegenerative disorders [126, 127]; restoration of
metabolic homeostasis improves motor deficits in neurodegenerative diseases [126].
Intriguingly, chronic liver diseases, such as hepatitis and cirrhosis, are comorbid with
several neurological deficits in humans, with neuroinflammation induced by inflammatory
changes in the periphery implicated as the culprit [128]. Hence, the neurological deficits we
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observed in chronically HFD-fed obese female mice might be associated with an increased
state of neuroinflammation, resulting from HFD-induced peripheral (hepatic) inflammation
and metabolic dysfunction; studies focusing on the chronic HFD-induced inflammatory
changes in the female brain are thus warranted.

In summary, after taking into account the findings from our prior study [1] and the current
results, it appears that in female mice, some of the HFD-induced behavioral effects
(locomotor activity and anxiety) change over time, whereas certain metabolic effects
(glucose intolerance) appear early and persist and/or are exaggerated with continuous HFD
feeding. Age-related alterations may obscure some effects of chronic HFD (i.e. insulin
insensitivity). Collectively, our findings imply that in female mice, a constant intake of high-
fat products over a chronic period leads to an exaggerated obese state which is associated
with increased peripheral inflammatory tone, metabolic dysregulation and motor/emotional
disturbances.
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Highlights

| HFD-induced glucose intolerance increases with continued HFD intake in
female mice.

| HFD induces insulin resistance that is masked by age-dependent insulin
sensitivity loss.

| Chronic HFD intake causes bi-phasic increase in the liver inflammatory
marker Hp.

| Chronic HFD intake results in reduced locomotor activity and anxiety-like
behavior.

| Prolonged HFD intake compromises hippocampal serotonin homeostasis.
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Animals: female C57BL/6 mice

GTT, IST GTT, IST GTT, IST
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LFD or HFD diet

GTT: Glucose tolerance test
IST: Insulin sensitivity test
* Behavior: open field, pole test, grip strength, novel object recognition, forced swim and marble burying tests

Figure 1.

Detailed outline of the study's experimental design. For Abbreviations: see the text.
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Figure 2.
Effect of low-fat diet (LFD) or high-fat diet (HFD) consumption on mean body weights of

female C57BL/6 mice after 6, 22, or 36 weeks on respective diets. Graphical representations
are mean + SEM (n = 8/group/time point). *** P < 0.001 indicates significant difference
from LFD within a time point. “a, b, ¢” indicate significant difference between time points
within a dietary treatment (P < 0.001).
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Figure 3.
Absolute (g) organ weights of female C57BL/6 mice fed either a high fat diet (HFD) or a

control, low fat diet (LFD) for 6 (A), 22 (B), or 36 (C) weeks. Graphical representations are
mean + SEM (n = 8/group/time point). ** P < 0.01 represent effects within a time point.
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Figure 4.
Glucose and test (GTT; 2 g/kg BW, oral; A, B, and C) and insulin sensitivity test (IST; 0.5

IU, i.p.: A", B', and C") of female C57BL/6 mice fed either a high fat diet (HFD) or a control
(low fat diet; LFD) for 6 (A, A"), 22 (B, B"), or 36 (C, C') weeks. Integrated areas under the
curve (AUC) of GTT and IST responses are presented, respectively, in Fig. 4D and Fig. 4D".
Graphical representations are mean £ SEM (n = 8/group/time point). * P < 0.05, ** P < 0.01
and *** P < 0.001 represent effects within a time point (min, A, A', B, B', C and C'; weeks,
D and D). Note: for simplicity, only the differences between LFD and HFD groups within a
time point are represented in A, A', B, B', C, and C' panels. “a” indicates significant
difference between time points within treatment (P < 0.001).
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Figure 5.
Effect of low-fat diet (LFD) or high-fat diet (HFD) consumption on gastrointestinal

permeability (plasma FITC-dextran levels) of female C57BL/6 mice after 6, 22 or 36 weeks
on respective diets. Graphical representations are mean + SEM (n = 8/group/time point). * P
< 0.05 represents treatment effect within feeding duration. “a” indicates significant
difference between time points within a dietary treatment.
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Figure 6.
Effect of 6, 22 or 36 weeks of high-fat diet (HFD) consumption by female C57BL/6 mice on

liver mMRNA levels of tumor-necrosis factor alpha (TNFa), interleukin 6 (IL-6) and
haptoglobin (Hp). The house keeping gene (HKG) 18S was used to normalize the mRNA
data, which are presented as fold change relative to respective low-fat diet (LFD) group at
each time point. Graphical representations are means + SEM (n = 6-8 per group). * P <
0.05, ** P < 0.01 indicate treatment effect within a feeding duration.
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Figure 7.

Weeks on LFD/HFD

Weeks on LFD/HFD

Effect of 21 or 32 weeks of high-fat diet (HFD) consumption on: (A) distance traveled (per
5 min interval); (B) time spent per 5 min interval in the center of the open field arena during
open field testing; (C) average time to turn during the pole test; and (D) mean forelimb grip
strength. Graphical representations are mean £ SEM (n = 8/group/time point). * P < 0.05, **
P <0.01 and *** P < 0.001 indicates significant difference from low-fat diet (LFD) within a
time point. “a” indicates significant difference between time points within a dietary

treatment (P < 0.05).
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Figure 8.
Effect of 21 or 32 weeks of high-fat diet (HFD) consumption on: (A) time spent with a

familiar vs. a novel object (%) in a novel object recognition test (NOR); (B) total time spent
swimming in a forced swim test (FST); and (C) number of marbles buried (= 70%) during a
marble burying test (MBT). Graphical representations are mean £ SEM (n = 8/group/time
point). “#” indicates significant (P < 0.05) difference between the novel vs. familiar object
within a dietary treatment group. ** P < 0.01 indicates significant difference from low-fat
diet (LFD) within a time point. “a” indicates significant difference between time points
within a dietary treatment (P < 0.001).
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Figure 9.
Effect of 22 or 36 weeks of high-fat diet (HFD) consumption on concentrations of serotonin

(5-HT; A, C and E) and its metabolite, 5-hydroxyindole acetic acid (5-HIAA; B, D and F) in
the prefrontal cortex (PFC; A and B), dorsal hippocampus (dHIP, C and D) and ventral
hippocampus (VHIP, E and F) of female C57BL/6 mice. 5-HT and 5-HIAA concentrations
are normalized on a per mg protein basis and are presented as mean + SEM (n = 8/group/
time point). *P < 0.05 indicates significant difference from low-fat diet (LFD) within a time
point. (*) indicates trend towards significance (P = 0.06).
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