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Abstract

The mechanisms underlying the association between chronic psychological stress, development of
metabolic syndrome (MetS), and behavioral impairment in obesity are poorly understood. The aim
of the present study was to assess the effects of mild chronic psychological stress on metabolic,
inflammatory, and behavioral profiles in a mouse model of diet-induced obesity. We hypothesized
that (1) high-fat high-fructose diet (HFHF) and psychological stress would synergize to mediate
the impact of inflammation on the central nervous system in the presence of behavioral
dysfunction, and that (2) HFHF and stress interactions would impact insulin and lipid metabolism.
C57BI/6 male mice underwent a combination of HFHF and two weeks of chronic psychological
stress. MetS-related conditions were assessed using untargeted plasma metabolomics, and
structural and immune changes in the gut and liver were evaluated. Inflammation was measured in
plasma, liver, gut, and brain.

Our results show a complex interplay of diet and stress on gut alterations, energetic homeostasis,
lipid metabolism, and plasma insulin levels. Psychological stress and HFHF diet promoted
changes in intestinal tight junctions proteins and increases in insulin resistance and plasma
cholesterol, and impacted the RNA expression of inflammatory factors in the hippocampus. Stress
promoted an adaptive anti-inflammatory profile in the hippocampus that was abolished by diet
treatment. HFHF increased hippocampal and hepatic Lcn2 mRNA expression as well as LCN2
plasma levels. Behavioral changes were associated with HFHF and stress. Collectively, these
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results suggest that diet and stress as pervasive factors exacerbate MetS-related conditions through
an inflammatory mechanism that ultimately can impact behavior. This rodent model may prove
useful for identification of possible biomarkers and therapeutic targets to treat metabolic syndrome
and mood disorders.
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1. Introduction

Evolutionarily, acute stress and energetic balance are part of a successful pathway required
for human survival; however chronic stress can modulate body composition by depleting
non-adipose tissues or increasing adiposity via hypothalamus-pituitaryadrenal (HPA) axis
alterations (Depke et al., 2008; Kuo et al., 2008). Accumulating evidence suggests that the
interaction between stress exposure and diet imbalance can be an important connection
between mood disorders and the global epidemic of obesity, but the mechanisms underlying
this association are poorly understood (Basic et al., 2012; van Reedt Dortland et al., 2013;
Blakemore and Buxton, 2014; Qi et al., 2014). Specific types of lipid contents in meals can
stimulate the intestine-brain-liver neural axis that acts to regulate insulin sensitivity and
circulating excess of nutrients (Wang et al., 2008). Furthermore, western diet associated with
high-fat and high-fructose (HFHF) consumption can significantly impact fat storage
contributing to the inflammatory status present in obesity (Appelhans et al., 2013; Bluher,
2013; Tchkonia et al., 2013).

Metabolic syndrome (MetS) is a set of diverse conditions including obesity, imbalance of
cytokines, dyslipidemia, hepatic steatosis, and gut disorders, and is associated with an
increased risk for psychiatric diseases (Capuron et al., 2008; Aschbacher et al., 2014; Bruce-
Keller et al., 2014; Muller, 2014). Psychological stress, depression and negative life events
are factors associated with increased risk of acute myocardial infarction (Xu et al., 2011). A
relationship between anxiety, depression, and MetS in patients with type 2 diabetes (T2D)
has been reported (Kahl et al., 2015). Furthermore, patients with chronic liver disease and
depression disorders may be at higher risk for other medical complications and impaired
quality of life (Sharma and Fulton, 2013; Davidson and Martin, 2014; Karagozian et al.,
2014; Posadas-Romero et al., 2014).

Despite the accumulated evidence supporting a role for the immune system and cytokine
signaling in the development of obesity and depression, it is not fully understood how
HFHF, metabolic imbalance, and inflammation interact in obese states during a response to
chronic stress (Ogden et al., 2012; Tekola-Ayele et al., 2013; Gallus et al., 2014; Wu et al.,
2014). Chronic inflammation is a key factor in depressive and obesity states (Miller and
Raison, 2015; Ramirez and Sheridan, 2016). Changes in central Lipocalin-2 (Lcn2) are
associated with depression and anxiety (Mucha et al., 2011; Ferreira et al., 2013). The
increased secretion of tumor necrosis factor (TNF) and other cytokines in the presence of
HFHF diet or during psychological stress exposure can trigger additional changes and
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immune responses in metabolically active tissues such as gut, liver, and the adipose tissue
that ultimately can affect the brain functions (Spruss et al., 2009; Jan et al., 2011; Milanski
etal., 2012; Li et al., 2013a; Skrzypiec et al., 2013; Bailey, 2016).

The high degree of complexity related to obesity and stress described above demonstrates a
critical need to use unbiased methodologies to assess how diet and stress can modulate
centrally and peripherally metabolic, behavioral and immune outcomes in obesity. High-fat
and high-carbohydrates consumption including fructose from beverages is much higher
nowadays compared to past decades (Vos et al., 2008) and is associated with an increase in
obesity (Dissard et al., 2013). Because diet and stress are two important exposures impacting
human health in western society, a HFHF diet was used in this study to promote disturbances
in metabolic profiles associated with obesity. We hypothesized that HFHF diet and chronic
psychological stress would synergize to adversely mediate the impact of peripheral
inflammation on the central nervous system and result in behavioral dysfunction. Secondly,
we also expect an interaction between HFHF consumption and chronic psychological stress
that could directly affect metabolic factors implicated in MetS, such as insulin resistance and
dyslipidemia, both of which are often associated with mood disorders. For this purpose,
HFHF intake was combined with two weeks of chronic psychological predatory stress to
assess metabolic, inflammatory, and behavioral responses in wild type C57BI/6 mice. MetS-
related conditions were assessed using an untargeted metabolomics approach, and structural
and immune changes in the gut and liver were evaluated. The results from this will assist in
developing a well-characterized, animal model for screening interventions developed to
prevent or treat MetS in westernized societies where chronic stress is an endemic problem.

2. Materials and methods

Male C57BI/6 mice (n = 60), 7 weeks of age, were acquired from The Jackson Laboratory
(Bar Harbor, ME). Each animal was singly housed in a colony room with a 12/12 h light-
dark cycle (lights off at 7:00 p.m.) at an ambient temperature of 22-23 °C. Additional
female C57BI/6 mice, 4 weeks of age (n = 16), were acquired from the Jackson Laboratory
for the Female Urine Sniffing Test (FUST). Adult male Long Evans rats (n = 30; 400+
grams upon arrival) purchased from Harlan (Indianapolis, IN, USA) served as stimulus
(predator) animals. Rats were pair-housed and had free access to standard lab chow (Rodent
Diet 5001; Lab Diet, Brentwood, MO, USA) and water. Rats were housed in a separate room
from mice and maintained on a 12/12 h reverse light/dark cycle (lights off at 07:00 a.m.) at
an ambient temperature of 22—-23 °C. Upon arrival at the animal facility, mice and rats were
allowed seven days of acclimatization prior to experimentation during which they were all
fed standard rodent diet (Lab Diet 5001). All studies and animal protocols were approved
and guided by the Institutional Animal Care and Use Committee at Emory University
(#2002041).

2.2. High-fat high-fructose (HFHF) diet

Mice received regular drinking water and standard chow diet (13% kcal from fat, #7001,
Harlan-Teklad, Madison, Wisconsin) or high-fat diet (42% kcal from fat, TD.88137, Harlan-
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Teklad, Madison, Wisconsin) plus 30% (wt/vol) fructose solution (Sigma-Aldrich #F012,
Sigma-Aldrich, St. Louis, MO) available ad /ibitum throughout the duration of the study
(Fig. 1). The combination of high fat diet (Table S1, Table S2) and fructose was chosen
because it mimics the diet in developed countries with high rates of obesity and MetS
(Charlton et al., 2011; Dissard et al., 2013; Bostick et al., 2014). HFHF diet consisted of
21.2% fat (61.85% saturated fat, 27.3% monounsaturated and 4.7% polyunsaturated), 48.5%
carbohydrate, and 17.3% protein by weight (18.8 kJ/g). Control diet (Control) consisted of
4.4% fat, 39.5% carbohydrate, and 25.2% protein by weight (12.6 kJ/g).

2.3. Experimental design

Mice were randomly assigned to one of the following groups (n = 14-15 per group): Control
Diet/No Stress (Control/NS), Control Diet/Stress (Control/S), High-fat high-fructose/No
Stress (HFHF/NS) and High-fat high-fructose Stress (HFHF S). The animals were kept on
their respective diets for 10 weeks, i.e. the entire duration of the study (Fig. 1). Beginning at
week 6, mice assigned to the stress group underwent daily predatory stress for 14
consecutive days. At the end of week 8, blood samples were collected via tail vein, and high-
resolution metabolomics (HRM) analysis of plasma was conducted to evaluate global
metabolic changes associated with HFHF diet and stress. From weeks 8-9, all mice
underwent a battery of behavioral assessments, which took place in a designated behavioral
testing suite between 10 am and 4 pm. During the duration of the study, food and drink
consumption and changes in body weight were assessed. At the end of week 10, animals
were weighed, then euthanized under isoflurane by cervical dislocation. Trunk blood was
collected in EDTA vacutainers, immediately placed on ice, and centrifuged at 2000g for 15
min at 4 °C. Plasma was collected and stored at —80 °C. Liver, gut, and brain were
harvested. The liver, retroperitoneal, gonadal, and mesenteric adipose tissue deposits were
weighed, and the small intestine and colon lengths were measured. Tissue samples were
frozen in liquid nitrogen and stored at —80 °C.

2.4. Predatory stress (PS) model

Mice were subjected to predatory stress as described by Barnum et al. (2012) with slight
modifications. Prior to experimentation, both rats and mice were allowed to habituate to the
testing room on two consecutive days for 30 min. Predatory stress involved placing a mouse
inside a 5-inch diameter clear plastic hamster ball (Super Pet, Elk Grove Village, IL;
material # 100079348) and then placing that ball into the center of the home cage of a large
and aggressive retired breeder male Long-Evans rat daily for 15 min for 14 days. The
aggressor rat was allowed to freely investigate the plastic ball for the entire duration of one
session. The hamster ball was not secured when placed inside the rat cage, thereby allowing
the rat to further agitate the mouse subject. During the stress session, mice were exposed to
the sight/sound/ smell of the rat through the holes in the hamster ball but never allowed to
make direct physical contact. After each session, mice were returned to their home cages
until the next session on the following day. Stressed mice were paired with a different rat for
each session to avoid familiarity and possible habituation.
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2.5. Caloric intake and body weight

Twice a week, mice were provided with pre-weighed portions of either the control diet and
regular water or the high-fat diet and 30% fructose solution. Each day between 10 am and 12
pm, the weight of food and drink present in each mouse’s cage was measured. Residual
spillage was not considered. At the end of each week, mice were weighed, and caloric intake
was calculated by multiplying the average grams of food and fructose consumed in a day by
kJ per gram of food and fructose. At week 8 caloric efficiency was obtained by dividing
caloric intake (kJ) by changes in body weight (g).

2.6. Plasma analyses

To test for alterations in metabolism due to HFHF diet and its interaction with the stress
exposure, we performed untargeted HRM profiling of plasma collected on week 8 to
evaluate the effect of HFHF diet on the plasma metabolome. Sample preparation and
instrumental parameters have been described elsewhere (Park et al., 2012; Go et al.,
2015a,b). Briefly, 50 pL of plasma were treated with 100 pL of acetonitrile to precipitate
proteins, and triplicate 10 uL aliquots were analyzed by hydrophilic interaction liquid
chromatography (HILIC) (Accucore, 100 mm x 2.1 mm, 2.6 pm; Thermo Scientific, San
Jose CA) and Cqg (Accucore, 100 mm x 2.1 mm, 2.6 um; Thermo Scientific)
chromatography with acetonitrile/formic acid gradient interfaced to a Q-Exactive HF high-
resolution mass spectrometer (Thermo Scientific). Positive ionization was utilized for HILIC
to maximize detection of polar and semi-polar metabolites, while negative ionization was
used for Cqg to improve capture of fatty acid and lipid species. Metabolites were detected as
mass-to-charge ratio (/77/2) features over the scan range 85-1275, which were then extracted
and aligned using apLCMS (Yu et al., 2013) with modifications by xMSanalyzer (Uppal et
al., 2013). Feature identification was accomplished by searching for common adducts at a
mass accuracy threshold of £5 parts-per-million (ppm) using the Kyoto Encyclopedia for
Genes and Genomes (KEGG) (Kanehisa et al., 2012) and METLIN (Smith et al., 2005).
Prior to statistical analysis, feature tables were averaged, log2 transformed, and filtered for
triplicate relative standard deviation (RSD) <50% and for features exhibiting >25% missing
values (per group basis), resulting in 6383 unique features detected with HILIC and 4635
detected by Cyg.

Plasma collected immediately following sacrifice was used to assess metabolic
dysregulation and inflammation. Metabolic markers measured in plasma included glucose,
cholesterol, triglycerides, leptin, and insulin. Cholesterol and glucose were measured using
the spectrophotometric Cholesterol Quantitation Kit (# MAKO043, Sigma-Aldrich, St. Louis,
MO) and Glucose Assay Kit (# ab65333, abcam, Cambridge, MA). Plasma insulin and
leptin were measured using the Mouse Metabolic Kit (Multi-spot Assay System #
K15124C-1, Meso Scale Discovery, Rockville, MD). LCN2, Lipopolysaccharide binding
protein (LPB) and C-Reactive protein (CRP) were measured using commercially available
Enzyme-linked Immunosorbent Assay (ELISA) kits (Mouse Lipocalin-2/ NGAL Quantikine
ELISA Kit, #MLCN20, R&D Systems Minneapolis, MN), (LBP, soluble mouse ELISA kit #
ALX-850-305-K10, Enzo Life sciences, Farmingdale, NY) and, (MOUSE C-REACTIVE
PROTEIN Kit, # E-90CRP, Immunology Consultants Laboratory, Inc. Portland, OR).
Inflammatory cytokines TNF, IL-1, and IL-6 were measured using Mouse Proinflammatory
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7-Plex Ultra-Sensitive (Kit #K15012C-1, Meso Scale Discovery, Rockville, MD).
Homeostasis model assessment for insulin resistance (HOMA-IR) was calculated using the
fasting plasma insulin concentration (uU/mL) and fasting plasma glucose concentration (mg/
dL). Plasma triglyceride levels were determined by ELISA (Charles River Lab, Wilmington,
MA).

2.7. Behavioral tests

2.7.1. Marble-burying test—The marble-burying test was used to measure the extent to
which mice subjected to either HFHF diet or predatory stress developed anxiety-like
behavior (Nasser et al., 2014). Mice were placed in a plastic tub (50.5 x 39.4 x 19.7 cm) that
contained 6 in. of lightly pressed bedding as described previously (Barnum et al., 2012).
Within each tub 20 marbles were evenly arranged in 5 rows of 4 marbles each. The mouse
was placed into the tub and allowed to explore for 30 min after which the number of marbles
covered with bedding to at least two-thirds of their height was considered buried.

2.7.2. Female urine sniffing test (FUST)—FUST was performed as described by
Malkesman et al. (2010) to determine the extent to which HFHF diet and predatory stress
elicited depressive-like behavior. Experimental male mice were habituated to a cotton-tipped
applicator taped to their home cages for 1 h before the test. Next, the cotton tips were
infused with 60 pL of water, and the duration of sniffing the tip was recorded for 3 min.
Forty-five minutes following the water trial, new cotton tips were infused with fresh urine
from female mice in estrus of the same strain, and sniffing duration was also recorded for a
period of 3 min. A reduction in time spent sniffing female urine indicates anhedonia or
depressive-like behavior in experimental male mice. Determination of estrous cycle stage
was performed as described by Byers et al. (2012).

2.7.3. Sociability test—Three-chambered sociability test was performed to assess social
avoidance, a symptom of depression (Lo et al., 2016). The apparatus (acrylic, 60 x 40 x 22
cm) (UGO BASILE s.r.l., Varese, Italy) consisted of a center compartment with removable
doors that led to a side chamber on each side. A mesh cup was placed at the center of each
side chamber. Each test animal was first placed in the center compartment and allowed to
acclimate for 10 min. Following habituation, a stranger mouse was placed into one of the
mesh cups to serve as a social stimulus whereas the other mesh cup remained empty. The
doors to the two side chambers were then removed, and the experimental animal was
allowed to freely explore all three chambers for 10 min. The total duration of active contact
made by the test mouse with each of the mesh cups was recorded. Active contact was
defined as sniffing in an area 3-5 cm around the cup. Preference for novel object was
calculated as [(time spent exploring empty cup)/(total time spent exploring empty cup and
novel mouse)] x 100%. Preference for novel mouse was calculated as [(time spent exploring
novel mouse)/(total time spent exploring empty cup and novel mouse)] x 100% (Lo et al.,
2016). EthoVision XT Software (Noldus Information Technology, Wageningen, The
Netherlands) was used to track and analyze animal behavior activity.
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2.8. Intestinal tissue collection and microscopy

Small intestine and colon from a subset of mice (n = 6) were harvested and flushed with
PBS, and tissue segments were frozen in Cryo-Embedding Compound. Remaining tissue
was flash-frozen and stored at —80 °C. Frozen sections (5-10 pm) were fixed in acetone
(Sigma-Aldrich; catalog #) on slides and used for histochemical and immunofluorescent
analyses. For fluorescent imaging of tight junction proteins, specimens were first
permeabilized and blocked in 0.25% Triton X-100 (EK Industries) in TBS with 5% normal
donkey serum (NDS; Millipore), then incubated overnight with 7 pg/mL anti-ZO-1, anti-
OCLN, or anti-CLDN2 primary antibodies (Catalog # 61-7300, 71-1500 and, 32-5600,
Invitrogen Corporation, Camarillo, CA) in 0.25% TX-100 in TBS with 1% NDS at 4 °C.
Specimens were then incubated with 10 ug/mL appropriate secondary antibodies in 0.25%
TX-100 in TBS with 1% NDS 1-2 h at room temperature (Table S5). Coverslips were
applied with Vectashield mounting medium with DAPI (Vector Laboratories, Inc.). Images
were obtained using a Nikon Eclipse 90i microscope with a DS-Fil (Nikon) camera and
Nikon NIS-Elements AR 3.10.

2.9. Immunoblot analysis

Tight junction protein levels in intestinal tissue were evaluated by immunoblot. After RNA
and protein extraction (as described above), ice-cold methanol (Millipore) was added to the
organic phase to pellet the protein. The pellet was washed with methanol and then
resuspended in 1% SDS (Fisher Scientific) solution. Ten micrograms total protein were run
on precast 4-20% gradient SDS-PAGE gels (Bio-Rad) then transferred onto PDVF
membranes (Millipore) and blocked in 5% powdered milk (Bio-Rad) in TBS. Blots were
probed with 2 pg/mL anti-ZO-1, 3 pg/mL anti-OCLN, 3 pg/mL anti-CLDN2, or 1:400 anti-
B-actin primary antibodies and appropriate HRP-conjugated secondary antibody (1:1000)
(Table S5).

2.10. Liver analysis

Liver tissue from the left lobe was fixed in 4% paraformaldehyde/PBS and cryoprotected in
30% sucrose solution. Tissue was placed in OCT and frozen under cooled isopentane and
stored at —80 °C. Liver samples were sectioned (8-10 um) and stained with Oil red-O
(#150678, Abcam, Cambridge MA) for assessment of lipid content according to the
manufacturer’s instructions. Images were obtained using a Nikon Eclipse 90i microscope
with a DS-Fil (Nikon) camera and Nikon NIS-Elements AR 3.10 software, magnification
40x.

2.11. RNA and protein extraction and cDNA synthesis

RNA was isolated from the hippocampus, hypothalamus, colon, small intestine, and liver.
Proteins were isolated from small intestine and colon tissues. Frozen samples were
homogenized in TRIzol reagent (Life Technologies) on the TissueLyser 11 (QIAGEN) with
one 5 mm stainless steel bead (QIAGEN) for 2 cycles of 2-min duration at 20 Hz. One-fifth
volume chloroform was added to the tissue lysates to enable phase separation. The upper
aqueous phase was homogenized by passage through QlAshredderTM columns (QIAGEN),
and RNA was isolated from the aqueous phase using Qiagen RNeasy mini (Valencia, CA,
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USA) protocol for animal tissue. Total RNA yield was determined by absorbance at 260 nm,
and purity was determined by the 260/280 nm ratio using the NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). RNA was treated with 1/5 concentration
DNAse | (0.64 pL per 4 ug RNA, Life Technologies) in 25 mM MgCl, (Sigma) for 30 min
at 37 °C, then 10 min at 75 °C. DNAse-treated RNA was reverse transcribed to cDNA using
SuperScript 11 Reverse Transcriptase (Life Technologies), dNTPs (Life Technologies), and
random hexamers (Integrated DNA Technologies, Coralville) according to the
manufacturer’s protocol.

2.12. Quantitative real-time PCR

Quantitative real-time PCR (gPCR) was performed as previously described by Barnum et al.
(2008) with some modifications. Briefly, gJ°PCR was performed using an ABI Prism 7900 HT
Fast Real-time PCR System (Applied Biosystems Inc., Foster City, CA) in 384-well plate.
Each sample was run in triplicate as a 10 pL-reaction consisting of 25 ng cDNA, SYBR
green PCR Master mix (SYBR Green; Life Technologies), and 150 nM of each forward and
reverse PCR primers. Oligonucleotide primers (Integrated DNA Technologies, Coralville)
were validated in a reaction with titrated template and by examination of dissociation curves.
MRNA levels were measured in triplicate as threshold of Cycles (Ct) values and normalized
to the values for housekeeping genes B-actin (Actb), Glyceraldehyde-3-Phosphate
Dehydrogenase (Gapdh) and cyclophilin E (Cyclo). The fold change in Ct values with diet
and/or predatory stress was calculated. Relative gene expression measured by previously
validated primers (Table S6) for Lipocalin-2 (Lcn2), Tight junction protein 1 ( 7jpI),
Occludin (Ocln), Claudin-2 (Cldn2), Tnf, II-1B, 11-6, 1I-10, Suppressor of cytokine signaling
1 and 3 (Socs1 and Socs3), Peroxisome proliferator-activated receptor gamma (Fpary),
Sterol regulatory element-binding protein 1c (Srebp-1c), Fatty Acid Synthase (Fasn),
Inducible nitric oxide synthase (/NOS), Toll-like receptor 2 (7/r2), Toll-like receptor 4 ( 7/r4)
(Integrated DNA Technologies, Coralville, IA). Transcript abundance were quantified using
the 22ACt method as described previously (Livak and Schmittgen, 2001) relative to the
geometric means of Gapdh, Actb, and Cyclo. All cDNA was stored at —20 °C until time of
assay.

2.13. Inflammatory cytokines & receptors PCR array

Tissue was processed using Qiagen RNeasy mini Kit as described previously (Barnum et al.,
2012). In brief, reverse transcription of RNA was carried out using SABiosciences RT2 First
Strand Kit. gPCR was performed using an ABI Prism 7900HT Fast Detection System
(Applied Biosystems). Each 10 pl-reaction was performed in the 384-well format Mouse
Inflammatory Cytokines and Receptors RT2 Profiler PCR Array (SABiosciences; catalog #
CAPM13007-PAMM-0522).

2.14. Statistical analyses

Two-way ANOVA was used to assess differences in effects of stress and diet at specific time
points. Bonferroni’s post hoc test was used where applicable. Inflammatory Cytokines &
Receptors PCR Array data were analyzed using the RT2 Profiler TM PCR Array Data
Analysis software on the SABiosciences website http://www.sabiosciences.com/
pcrarraydataanalysis.php and are expressed as fold change. All data expressed as Mean +
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3. Results

standard error of the mean (SEM). Pearson’s correlation coefficient (/) was used to analyze
the association between variables. The calculations were performed using GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA); a p-value threshold <0.05 was used. HRM
profiling data were analyzed in R (R Development Core Team, R: A Language and
Environment for Statistical Computing, R Foundation for Statistical Computing, Vienna,
Austria) with metabolite differential expression evaluated using a linear model for
microarray data (LIMMA) based on two-way ANOVA analysis (Smyth, 2005), which
included diet, stress, and diet: stress interaction comparisons. Significant features were
selected using a false discovery rate (FDR) threshold <5% to correct for multiple hypothesis
testing (Benjamini and Hochberg, 1995). Identification of enriched metabolic pathways was
completed using Mummichog (Li et al., 2013b).

3.1. High fat high fructose diet (HFHF) and stress altered metabolome and plasma
metabolic parameters in a manner consistent with metabolic syndrome

Diet composition of micro- and macronutrients can impact body function and homeostasis
of core metabolic processes (Jones et al., 2012). Comparison of control and HFHF diet
identified 183 metabolic features from HILIC-pos (Fig. 2A) and 544 from C18-neg at FDR
threshold <5% (Fig. 2B). Metabolic features were associated with stress (51 combined from
HILIC-pos and C18-neg) and interaction of diet: stress (40 combined). Identification of
stress and diet: stress associated metabolites included glucose (p = 0.004), caprylic acid (p =
0.0045), phosphocholine (p = 0.003), hydroxymelatonin (p < 0.0001), acylcarnitine C18:1 (p
< 0.0001), and biliverdin (p= 0.0006). Metabolic pathways significantly associated with
HFHF diet were consistent with altered dietary patterns, including co-factor metabolism,
amino acid metabolism, and fatty acid/lipid-related metabolic pathways (Table 1).
Annotation of individual metabolites, such as methionine (o < 0.0001), carnitine (p <
0.0001), and linoleate (p < 0.0001) further supported diet-related alterations to the
metabolome. Metabolic changes were also consistent with obesity-related disease risk,
including decreased bilirubin (p < 0.0001), altered eicosanoid levels including leukotriene
A4 (p<0.0001), leukotriene B4 (p=0.001), prostaglandin (PG) E3 (p < 0.0001), and 15-
epilipoxin B4 (p < 0.0001), and metabolites related to oxidative stress, such as cysteine (p <
0.0001), gamma-glutamylcysteine (p < 0.0001), and oxidated linoleic acid derivatives. The
remaining m/z features resulted in no probable matches in the METLIN and KEGG
databases, indicating possible uncharacterized metabolites, conjugates, or dietary
compounds.

3.2. Stress attenuated weight gain associated with HFHF consumption without change in

adiposity

Our results show that HFHF-fed animals ate less than control mice (Table S3). However,
HFHF mice displayed greater total caloric intake (/1 54 = 138.30, p < 0.0001) and decreased
caloric efficiency (£ 53 = 18.00, p < 0.0001 (Fig. S1A, Table S4) as compared to mice
consuming the control diet and water. There was no significant difference in the final
amount of total kilojoules ingested or caloric efficiency when stress was the parameter
assessed (Table S4). As expected, HFHF-fed mice presented increased weight gain (£ 54 =
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48.76, p=0.0001); however, stress reduced the body weight gain in the presence of HFHF
intake (F1 54 = 15.49, p=0.0002) (Fig. S1B). HFHF diet was associated with induced
hepatomegaly (/1 52 = 11.16, p = 0.001) (Fig. S1C). Gonadal and retroperitoneal adipose
deposits were enlarged in HFHF-fed mice as compared to the control diet groups (Fig. S1D,
E). Interestingly, the mesenteric adipose tissue mass decreased with the HFHF diet
intervention (Fig. S1F) (F1 47 = 9.22, p=0.003).

3.3. Stress and HFHF diet promoted metabolic dysregulation

We found that plasma insulin was increased by diet (/1 31 = 15.71, p = 0.0004) and stress
(F131 =4.38, p=0.04) (Table 2). Furthermore, HFHF diet and stress interacted to increase
insulin concentration (Fq 31 = 4.789, p = 0.03). HOMA-IR was significantly elevated in the
HFHF animals (£ 32 = 18.39, p = 0.0002) and further increased when diet was combined
with stress (£ 30 = 4.97, p= 0.03). There was no significant difference in fasting blood
glucose concentrations. HFHF diet caused an increase in plasma leptin concentration (£ 35
=190.10, p< 0.0001). Diet (F= 1 35 = 268.80, p < 0.0001) and stress (F= 1 35 = 4.63, p=
0.03) promoted significant elevation in plasma cholesterol. Triglycerides measured after 10
weeks of diet manipulation did not differ between the experimental groups.

3.4. HFHF diet leads to endotoxemia and peripheral inflammation

HFHF diet increased LBP levels without an additional effect of stress (F= 131 = 9.55, p=
0.004) (Table 3). There were positive correlations between LBP and plasma LCN2 (r= 0.58,
p=0.0007) and between LBP and liver TNF levels (r=0.66, p= 0.001). Plasma cyto-kine
levels were assessed to investigate the contribution of stress and diet to the inflammatory
profile. Diet was the main factor to impact inflammatory response, increasing circulating
TNF (F1,36 = 7.90, p=0.007), IL-6 (F 32 = 20.48, p< 0.0001) and LCN2 (F; 35 = 7.43, p=
0.05) concentrations (Table 3). No significant differences were noted in CRP plasma levels
(Table 3).

3.5. HFHF diet and stress disrupted the organization of tight junction proteins in the small

intestine

Immunohistochemical analysis revealed structural changes and disruption of ZO-1 networks
in the small intestine promoted by HFHF diet and stress (Fig. 3A). HFHF S mice displayed
increased CLDN2 lumenal surface localization in the small intestine (Fig. 3B). ZO-1 protein
levels were unaffected by diet or stress (Fig. 3C); however, HFHF diet without stress
significantly reduced abundance of OCLN protein (£ 17 = 13.83, p = 0.0390) (Fig. 3D).
CLDN2 protein levels were unaffected by diet and stress, but the ratio of 25 kDa to 20 kDa
forms of the protein increased significantly with HFHF diet without stress (F1 15 = 7.899, p
=0.0154) (Fig. 3E), indicating an increase in the abundance of phosphorylated CLDN2 (Van
Itallie et al., 2012). In addition, HFHF NS mice displayed decreased //-10expression
compared to the control diet groups (£ 13 = 7.313, p=0.01) (Fig. S2).
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3.6. HFHF-fed mice displayed increased liver discoloration consistent with hepatic lipid
accumulation

Macroscopic examination of livers revealed discoloration in HFHF diet and stress groups as
compared to control diet and no stress groups (Fig. 4A). Thus, we assessed lipid
accumulation to investigate whether ten weeks of HFHF diet or stress promoted non-
alcoholic fatty liver disease (NAFLD) in our experimental model. Liver sections were
stained with Qil Red O and revealed markedly increased lipid deposition in HFHF-fed
groups. Histological changes included microvesicular lipid droplets, ballooning of
hepatocytes, and cell infiltration (Fig. 4B). The mild discoloration observed in control diet
stress mouse livers was not associated with changes in lipid deposition (Fig. 4A).

3.7. HFHF diet and stress jointly modulate inflammation in mouse liver

LenZ mRNA expression (Fig. 4C) increased after 10 weeks of HFHF diet (/17 = 13.48, p=
0.001). 7/r2expression (Fig. 4C) (Fy 19 = 23.48, p=0.0001) decreased with HFHF diet, and
Tir4 (Fig. 4C) decreased with diet (1 59 = 100.2, p< 0.001) and stress (£ 20 = 6.26, p=
0.02). Srebp-1cis associated with modulation of insulin sensitivity and influences genes
related to lipid metabolism in the liver. Diet treatment (/1 29 = 57.94, p < 0.0001) raised
Srebp-1c mRNA (Fig. 4C) in the liver after 10 weeks of high fat and fructose intake. Despite
the high concentration of liver TNF found in the HFHF NS animals, there was no significant
difference in hepatic 77FmRNA among the experimental groups (Fig. 4C). In addition,
HFHF S mice displayed decreased /NOS expression in relation to the control diet NS group
(F1,19 =5.10, p= 0.03) (Data not shown). HFHF-fed groups displayed decreased liver Socs!
(F1.00 = 26.69, p<0.0001) and Socs3 (F1 19 = 15.96, p=0.0008) MRNA expression
compared to control groups (Data not shown). Fasnand Ppary gene expression did not
significantly change in any of the experimental groups (Data not shown).

3.8. Stress and HFHF diet disrupt hippocampal gene expression

HFHF diet increased hippocampal mRNA expression of Lcn2without impacting 7nf, //-1p,
or /I-6 expression (£ 19 = 9.98, p< 0.005) (Fig. 5A). Chronic psychological stress did not
lead to alterations in the expression of these cytokines in the hippocampus. No significant
changes in cytokines were observed in the hypothalamus with diet or stress exposure (data
not shown). In addition, a RT2 Profiler PCR Array was used to investigate further the effects
of HFHF diet and stress on the mRNA expression of cytokines and receptors in the
hippocampus in this animal model. Of the 83 inflammation-related genes assessed, stress
increased //-4, /-5, and /I-13 gene expression and decreased Gata3 greater than 2-fold (Fig.
5B). HFHF diet in combination with stress decreased 3 genes greater than 2-fold (/tgam,
Cd40, and Gata3), and //-18 decreased 6-fold in the HFHF S group (Fig. 5C).

3.9. HFHF diet and stress induce behavioral deficits

HFHF-fed mice exhibited anhedonia during FUST. All tested mice spent more time sniffing
urine than water in the FUST paradigm (Fig. 6A, B). HFHF NS animals spent less time
sniffing a cotton tip dipped with urine from a female in estrus than Control NS (£ 49 =
15.04, p<0.0003) (Fig. 6B). In the marble-burying test, HFHF S mice exhibited more signs
of anxiety-like behavior and buried more marbles in a 30 min session (Fig. 6C) (£ 25 =
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15.00, p < 0.0007) compared to Control NS and Control S mice. The Control S group
showed a decrease in preference for the unfamiliar mouse compared to the HFHF NS mice
(Fig. 6D) (F1,24 = 8.88, p=0.006) and spent less time exploring the unfamiliar mouse
compared to Control NS (£ 24 = 10.67, p= 0.003) (Fig. 6E). There was no difference in the
time exploring the novel object between the groups (Fig. 6F).

4. Discussion

The assessment of how chronic psychological stress impacts the pathophysiological
responses associated with obesity, including those related to mental health, is a complex
task. In this study chronic psychological stress in the presence of HFHF diet promoted
increased insulin resistance and plasma cholesterol, disruption of intestinal tight junctions,
and modulation of immune factors in the hippocampus. Stress increased I1L-4 and IL-5
mMRNA expression within the hippocampus, and this profile was abolished by HFHF diet.
HFHF promoted increased hippocampal and hepatic Lcn2 mRNA expression as well as
increased LCN2 plasma levels. Anxiety and depressive-like behavior were associated with
dietary intervention and stress in our model.

The bi-directional relationship between the immune system and metabolic disorders in
obesity status can lead to disease-relevant biological and psychological consequences (van
Reedt Dortland et al., 2013). The assessment of biomarkers is likely to improve our
understanding of how different tissues can interact to bring about behavioral changes in the
presence of stress and unhealthy diet. Herein, HFHF-altered metabolites were associated
with amino acids, fatty acids, de novo lipogenesis (DNL), and acyl-carnitine pathways.
These altered pathways suggest dysregulation of energetic metabolism via beta-oxidation in
the presence of adipose tissue expansion and ectopic lipid deposition (Ronnett et al., 2005).
In agreement with this metabolic profile, we demonstrate that the neuroendocrine
adaptations necessary to supply the homeostatic demands of stress were associated with a
decrease in weight gain in HFHF-fed mice without an effect on adiposity. This phenotypic
outcome is desirable because the metabolic improvement associated with depletion of
adipose tissue can compromise the assessment of possible synergistic effects of diet-stress
interactions (Finger et al., 2012; Bruder-Nascimento et al., 2013). In addition, the reduction
of mesenteric adipose tissue associated with HFHF diet in the present study may be related
to the lipid accumulation observed in the liver. In agreement with these data, Asterholm et
al. (2014) revealed that high-fat diet can lead to inappropriate inflammatory responses
associated with impairment of mesenteric tissue expansion, ectopic hepatic lipid deposition
and gut barrier disorders. The significance of mesenteric adipose tissue reduction associated
with the nutritional regimen used here merits further investigations (Wernstedt Asterholm et
al., 2014).

It has been reported that excessive flux of free fatty acids (FFA) to ectopic sites and
inflammation are risk factors for the development of insulin resistance by interfering with
insulin, TLR, and PPAR signaling pathways (Consitt et al., 2009; Gregor and Hotamisligil,
2011). In addition, there is evidence that diet stimulation alters gene expression and neuronal
activity in the hypothalamic arcuate nucleus. Some studies suggest that the development of
metabolic syndrome is associated with dysfunction in the arcuate nucleus and receptors in
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the insulin pathway in the brain (Singh et al., 2012). In this regard, the agouti-related protein
neurons though neuromodulatory activity may be involved in the peripheral substrate
utilization and regulation of storage vs. utilization of carbohydrates or lipids (Denis et al.,
2014).

While the relationship between inflammation and obesity in T2D is firmly established, it is
still not completely understood how stress increases metabolic vulnerability to insulin
resistance (Uchida et al., 2012; Li et al., 2013a; Roberts et al., 2015). The present study
shows diet and stress interactions promote disturbances in biliverdin and acylcarnitine
C18:1, two metabolites associated with insulin resistance. Indeed, this association was
confirmed in posterior assessments of insulin levels two weeks after stress exposure. To the
best of our knowledge, our results reveal for the first time evidence for the synergetic effect
of HFHF diet and chronic psychological stress affecting the biliverdin pathway. Biliverdin is
reduced to bilirubin by biliverdin reductase (BVR), an enzyme that has multiple functions
affecting cell signaling and immune responses (Fabris et al., 2009; Kapitulnik and Maines,
2009). BVR modulates the insulin/IGF-1 signaling cascade and, more specifically, regulates
serine-threonine- and tyrosine-kinase activity. BVR can be activated by factors elevated in
obesity and stress such as reactive oxygen species and cytokines (Lerner-Marmarosh et al.,
2005; Kapitulnik and Maines, 2009). Barone et al. reported impairment of the biliverdin
pathway associated with insulin resistance in human brains of Alzheimer’s disease (AD)
patients and in a mouse model of AD (Barone et al., 2011, 2016). Both MetS and obesity
have been identified as risk factors for AD. Our data suggest more in-depth assessment of
disturbances in the heme-derived biliverdin pathway may reveal new insights related to
mechanisms underlying stress and diet interactions in vulnerability to T2D and age-related
neurodegeneration.

Emerging new evidence suggests that stress can cause long term alterations in blood lipid
profiles in humans (Catalina-Romero et al., 2013; Shaibani et al., 2015). Interestingly, our
results indicate that stress did not affect circulating cholesterol levels in mice fed control
diet. In contrast, stress potentiated the hyperc-holesterolemia associated with HFHF diet.
Recent studies show a link between changes in cholesterol metabolism and
neurodegenerative states and dementia (Di Paolo and Kim, 2011). High fat consumption can
positively impact the association between increased plasma and hippocampal cholesterol
(Stranahan et al., 2011). In addition, Feng et al. demonstrated that forced swim stress
elevates cholesterol content in the brain (Feng et al., 2015). Another study using 1 h of
restraint in association with forced swim found significant increases in blood cholesterol
with stress in rats (Devaki et al., 2013). Herein we show that 15 min a day of psychological
stress for 14 days is sufficient to affect circulating cholesterol levels in an obesogenic
environment. This change persisted two weeks beyond the psychological stress exposure.
Some studies suggest that cholesterol changes influence neurological disorders associated
with protein aggregation like prion disease and Alzheimer’s disease-related dementia
(Hannaoui et al., 2014). In light of this connection, our findings suggest that further
investigations of the interactions between stress and HFHF consumption on cholesterol
metabolism could shed new insight into the relationship between cardiovascular disease,
MetS, cognitive decline, and dementia.
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The metabolic vulnerability and inflammation associated with conditions present in MetS
may share common risk factors with mood disorders. In particular, an increased
inflammatory state is recognized to be one of the main mechanisms promoting depression
(Maes et al., 2008; Muller, 2014; Byrne et al., 2015; Miller and Raison, 2015). Our results
demonstrate that increased pro-inflammatory lipid signaling (evidenced by changes in
prostaglandins (PGs), leukotrienes, and alterations in antioxidant metabolites) was
detectably associated with insulin resistance and NAFLD, both of which are known risk
factors for cardiovascular disease (CVD). Human and animal studies (Tappy and Le, 2015)
reveal controversial findings related to the impact of fructose on health outcomes; however
recent studies strongly suggest that humans are sensitive to the adverse effects of sustained
sugar consumption and show an association between fructose intake and NAFLD (Jin and
\os, 2015), CVD (Stanhope et al., 2015) and endotoxemia (Jin et al., 2014).

Unexpectedly, our findings demonstrated changes in plasma dynorphin (Dyn) in response to
HFHF diet but not to the stress intervention (Land et al., 2008; Knoll and Carlezon, 2010).
Dyn is an endogenous ligand for kappa opioid receptors involved in modulation of the
addiction/reward system (Sauriyal et al., 2011). Central Dyn is extensively associated with
anxiety, depression, and anhedonia in animal models of stress (Bilkei-Gorzo et al., 2008;
Wittmann et al., 2009). Interestingly and in contrast with other studies (Finger et al., 2012),
we demonstrate that diet but not stress is associated with anxiety and anhedonic-like
behavior in our animal model. Nevertheless, despite Dyn being implicated in interactions
between the nervous and immune systems, there is little information on how peripheral Dyn
is associated with mood disorders. Further investigations in this area are warranted.

Our results show HFHF diet promotes endotoxemia and imbalance in peripheral TNF, IL-6,
and Lcn2 in association with anxiety and anhedonic-like behavior. In obesity, these pro-
inflammatory changes are associated with metabolically active organs and tissues such as
liver, gut, and adipose tissue in response to increased FFA and circulating LPS (Guo et al.,
2010; Ji et al., 2011; Bluher, 2013; Miyake and Yamamoto, 2013; Ortega et al., 2015).
Recent human studies have positively correlated increased circulating NGAL with anxiety
and depression. This association seems particularly apparent in states of chronic metabolic
imbalance such as in late life depression or chronic heart failure (Naude et al., 2013, 2014,
2015).

Our study revealed dysregulation of tight junctions consistent with increased gut
permeability in association with systemic inflammation in HFHF-fed mice. These findings
are in line with previous data that implicate increased gut permeability and endotoxemia as
triggers for maladaptive immune responses present in obesity (Cani et al., 2008; Moreira et
al., 2012). Claudins are a large family of proteins, some of which, such as CLDNZ2, increase
paracellular permeability through the formation of cation-selective channels (Amasheh et al.,
2002). Interestingly, even two weeks after the last stress session, HFHF S mice displayed
increased small intestine lumenal surface localization of CLDNZ2. This was supported by
immunoblot analysis indicating an increase in the higher molecular weight form of CLDN2,
which has been identified as the phosphorylated form that localizes to the plasma membrane
to increase permeability (Van Itallie et al., 2012). It was reported that psychological stress
affects mast cell function mediated by corticotrophin releasing hormone (Vicario et al.,
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2010). There is no consistent relationship between cortisol levels and the anthro-pometric
and metabolic parameters in obesity (Abraham et al., 2013); however, intestinal mast cells
can be activated by high fat intake thereby modulating the intestinal release of mediators
such as PGs, leukotrienes, and cytokines (Ji et al., 2011; Abraham et al., 2013). PGs and
inflammatory cytokines can interfere with HPA activation to promote direct or indirect
regulation of gut permeability (Keita and Soderholm, 2010; Vicario et al., 2010; Zimomra et
al., 2011). In addition, although not explored in this study, fat consumption and stress are
likely to promote changes in micro-biota that could trigger a “leaky gut” inflammatory
syndrome, which would be expected to disrupt the gut-brain axis and impact behavior (Kelly
et al., 2015; Bailey, 2016).

In line with recent reports, we observed significantly increased liver Lcn2expression in the
context of obesity and hepatic steatosis (Auguet et al., 2013; Ye et al., 2014; Asimakopoulou
et al., 2016). More specifically, the reduction of RNA expression of inflammatory markers
associated with increased Lcn2expression suggests some regulatory hepatic mechanism in
response to 10 weeks of HFHF consumption (Alwahsh et al., 2014; Asimakopoulou et al.,
2014). On the other hand, we observed potentially regulatory effects of stress on hepatic
TLR4 expression in mice under control diet after 15 days of stress exposure. These data
contrast with work from Frank et al. (2013) who reported anti-inflammatory actions of
glucocorticoids during stress exposure, but sensitization of the immune response after the
stressor had ended (Frank et al., 2013). Glucocorticoids can regulate the TLR4 pathway via
interaction with transcription factors NF-xB and AP-1 and thereby interfere with the
transcription of pro-inflammatory cytokines (Ratman et al., 2013).

Interestingly, our study demonstrates that either peripheral inflammation-associated HFHF
intake or 15 min of stress exposure was sufficient to change the expression of a subset of
inflammatory cytokines in the hypothalamus or hippocampus.

Surprisingly, our data contrast with previous studies showing increased hippocampal Lcn2
expression in HFHF-fed mice but not in stressed animals (Mucha et al., 2011; Skrzypiec et
al., 2013). An increased expression of Lnc2 in the blood brain barrier was reported in
response to LPS administration, perhaps an adaptive response to limit the spread of bacterial
activity into the brain (Ip et al., 2011). In our studies, this central elevation in Lcn2
expression occurs in a more physiologically relevant model in the presence of peripheral
inflammation and metabolic endotoxemia. The impact of increased LcnZ2in the
hippocampus has been suggested to involve regulation of microglia activation and changes
in neuronal morphology and plasticity associated with depression and anxiety (Mucha et al.,
2011; Ferreira et al., 2013). Collectively, our results support a model in which elevated
central and peripheral Lcn2/NGAL mediate the impact of chronic inflammatory peripheral
disease on the central nervous system in association with behavioral dysfunction
(Gouweleeuw et al., 2015).

In previous work, we reported that 28 days of 30 min/day predatory stress exposure was
associated with anxiety-like behaviors, neuroinflammation, and microglial activation in
different brain regions (Barnum et al., 2012; Burgado et al., 2014); however, the current
study revealed that two weeks of 15 min of psychological stress is sufficient to promote
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increases in hippocampal //-4, //-5, and //-13. Previous studies implicated T cells in a
protective role against neuroinflammation and related behavioral changes (Lewitus et al.,
2008; Gadani et al., 2012). As highlighted in a recent review, the neuroprotective effects of T
cells in responses to stress are related to production of IL-4 that may occur in an
evolutionarily adaptive perspective (Miller and Raison, 2015). IL-4 can stimulate astrocytes
to produce Brain-Derived Neurotrophic Factor (BNDF), promote protective phenotypes in
microglia, and increase neurogenesis in the hippocampus (Gadani et al., 2012; Brachman et
al., 2015). Our current data and the results from our previous study (Barnum et al., 2012)
suggest that mild stress and continuous prolonged chronic stress exposure can each
modulate differently the delicate balance in brain immunity. IL-4 and IL-5 play important
roles in health and disease, making it difficult to target these cytokines in the context of
mood impairment (Marshall et al., 1998; Marin et al., 2009).

Furthermore, our analyses showed that HFHF S mice display decreased expression of
immunomodulatory factors in the hippocampus and reduction in //-Z8 mRNA expression.
IL-18 is involved in regulation of gene expression in the hippocampus (Alboni et al., 2014).
It has been suggested that down-regulation of IL-18 is associated with peripheral adaptations
related to the development of MetS (de Wit et al., 2008; Nyima et al., 2016). Previous
studies reported that 1L18r1~/~ mice can exhibit low physical activity, increased weight gain,
ectopic lipid deposition, and high anxiety-like behavior (Eisener-Dorman et al., 2010;
Lindegaard et al., 2013). To our knowledge, the current study is the first report of the
synergic effect of diet and stress on central //-18 RNA expression. We speculate that the
central decrease of //-18 gene expression in the HFHF S mice may contribute to the
energetic imbalance and increased anxiety-like behavior observed in these mice, raising the
interesting possibility that targeting IL-18 may be beneficial in reducing the effects of stress
and diet-induced depression and cognitive decline.

In summary, our findings revealed that: 1) short-term chronic psychological stress in a
mouse model of obesity promotes long-lasting central and systemic changes that can be
measured weeks after the stress intervention; 2) these pervasive stressors (diet and stress)
exacerbate MetS conditions accompanied by central responses through an inflammatory
mechanism; 3) metabolomics analyses represent a useful analytical strategy to investigate
interactions between diet and chronic psychological stress; 4) psychological stress and
HFHF diet can contribute synergistically to insulin resistance and hypercholesterolemia; 5)
stress and HFHF diet can modulate immune factors in the brain, liver, and hippocampus; 6)
LCN2 may have a pivotal role in the systemic and hippocampal responses to the metabolic
and inflammatory profile associated with HFHF diet consumption. Collectively, these results
suggest that this rodent model is useful for identification of possible biomarkers and
therapeutic targets to control MetS and mood disorders.

Similar to humans, the hepatic metabolism of rodents has a central role in fatty acid and
lipids synthesis (Bergen and Mersmann, 2005). It is necessary to point out however, that
differences between rodent and human metabolism need to be considered when obesity and
stress, as dynamic and multifactorial conditions, are assessed. Nonetheless, diet-related
effects in this study should be viewed within the context of an animal model useful for
assessing potential effects of HFHF and stress on metabolic homeostasis. The HFHF diet
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used in this study was not intended to be a perfect replica of human diet; but rather the
strategy was to use a diet that rodents would willingly eat in conjunction with an
ethologically relevant stress paradigm to enable assessment of diet x stress synergistic or
opposing interactions. Although not investigated in the present study, it has been shown that
stress and diet are two important elements that can impact epigenetic phenomena
(Stankiewicz et al., 2013; Martinez et al., 2014). Those two exposures result in tissue- and
organ-specific changes associated with development of metabolic conditions in humans such
as obesity and its comorbidities (Martinez et al., 2014).

In conclusion, we show that a wide range of metabolic and inflammatory conditions
demonstrated in our animal model of diet-induced obesity can effectively contribute directly
or indirectly to behavioral changes. HFHF diet in combination with chronic stress exposure
can modulate the delicate balance in brain immunity, abolishing the adaptive anti-
inflammatory phenotype associated with mild stress. More specifically, HFHF diet and
stress interactions can be key factors underlying the increased metabolic vulnerability to
conditions associated with atherosclerosis, NAFLD, and CVD. We have identified several
inflammatory factors that could serve as potential biomarkers or therapeutic targets in
obesity and stress-related conditions. Future studies should evaluate the extent to which
duration or intensity of stress in association with HFHF diet influences the variability and
robustness of the behavioral outcomes linked to these conditions.
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Fig. 1.

Schematic and study timeline. Control groups consumed standard chow diet (4% kcal from
fat and water) and HFHF groups consumed high-fat diet (42% kcal from fat + 30% fructose
wi/v) for 10 weeks. Groups (n = 14-15): Control diet/No Stress (Control NS), Control diet/
Stress (Control S), High-fat high-fructose/No stress (HFHF NS) and High-fat high-fructose
Stress (HFHF S). Predatory stress (PS): 15 min of daily predatory stress OR no stress (NS)
for 2 weeks. Behavior: Marble burying and female urine test were performed to assess
anxiety and anhedonia-like behavior; sociability test was used to evaluate social interaction.
At 10 weeks mice were euthanized, and tissues were harvested.
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Fig. 2.

High resolution metabolomics (HRM) reveals metabolic pathways associated with HFHF

diet consistent with altered dietary patterns, including co-factor metabolism, amino aci
metabolism, and fatty acid/lipid-related metabolic pathways. Number of significant

d

overlapping and distinct differentially-expressed features detected at false discovery rate
(FDR) threshold <5% when comparing diet, stress, and diet:stress interactions using two-

way ANOVA of HFHF diet and stress at false discovery rate (FDR) threshold <5% for

HILIC-pos (A) and C18-neg (B). HFHF diet was associated with the greatest change to the

metabolomic profile and impacted a large number of lipid- and fatty acid-related
metabolites. Interaction between diet and stress (n = 40 significant features) suggests
influence of diet on stress response. Serum was collected from n = 8- 13 mice/group.
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Fig. 3.

HFHF diet and stress impact the organization of tight junction proteins in the small intestine.
Cryosections of small intestine were probed for ZO-1 (A) and CLDN2 (B) by
immunostaining. HFHF diet and stress promote structural changes and disrupt the ZO-1
network in the small intestine (white arrows) (A). HFHF and stress increase CLDN2
lumenal surface localization in the small intestine (white arrows) (B). ZO-1 protein levels
are unaffected by diet and stress (C), HFHF diet without stress significantly reduces
abundance of OCLN protein (D); CLDNZ2 protein levels are unaffected by diet and stress,
but ratio of high molecular weight to low molecular weight forms increases significantly
with HFHF diet without stress (E). Images were obtained using a Nikon Eclipse 90i
microscope with a DS-Fil (Nikon) camera and Nikon NIS-Elements AR 3.10 software. 40%
mag - FITC 100 ms 1x) (CLDN2 40x mag — FITC 100 ms 1 x). Protein expression in small
intestine was measured by Western blot, band intensity calculated using densitometric
analysis (Image Studio Lite), and values were normalized to p-actin. Data were analyzed by
two-way ANOVA, with Bonferroni’s correction for multiple comparisons. Bar height
indicates mean of samples from n = 6 mice per group, error bars indicate standard error of
the mean (S.E.M.). Means with different letters are significantly different from each other
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(p<0.05). Abbreviations: ZO-1, Zonula occludens; CLDN2, Claudin-2; OCLN, Occludin;
Control, Control diet; HFHF, High-fat high-fructose diet; NS, No stress, S, stress.
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Fig. 4.

HIgHF diet and stress modulate lipogenesis and inflammation in the liver. Gross
morphologic changes in liver and gut from HFHF animals compared to the control groups
(A). Light microscopic images of liver stained for lipids (B) reveal hepatocytes with normal
appearance for the Control diet groups; and HFHF groups displaying lipid droplets (white
arrows), cell infiltration (dashed area) and microvacuolization (black arrows). Oil Red O-
stained and hematoxylin-counterstained liver sections, magnification 40x. Images were
obtained using a Nikon Eclipse 90i microscope with a DS-Fil (Nikon) camera and Nikon
NIS-Elements AR 3.10 software. HFHF S mice presented increased LcnZ2 expression (C).
HFHF diet decreases liver 7/r2 and Tlr4, (D, E) and stress reduces hepatic 7/r4in the
control diet group (E). Srebpic RNA expression increases with HFHF treatment (F). There
is no difference in hepatic 77FmRNA expression (G). Bar height indicates mean of samples
from an n = 6 mice per group, error bars indicate standard error of the mean (S.E.M.).
Means with different letters are significantly different from each other (p < 0.05). Data were
analyzed by two-way ANOVA followed by Bonferroni post hoc. Tissues were analyzed by
gPCR using primers directed against murine LcnZ, Tir2, Tlr4, Srebplc, and 7nf. For each
animal, the Ct values were normalized to the Ct values for Gapdhand Poia. The relative
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expression level of the target gene (fold change) was expressed as 2724Ct when compared
with the mean DCt (threshold cycle) of the control group. Abbreviations.: qPCR, quantitative
real-time reverse-transcription polymerase chain reaction; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; TLR, Toll like receptor; SREBP-1c, sterol regulatory element
binding protein-1c; Lcn2, neutrophil gelatinase-associated lipocalin 2; TNF, Tumor necrosis
factor; Control, Control diet; HFHF, High-fat high-fructose diet; NS, No stress, S, stress.
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Stress and HFHF diet modulate gene expression in the mouse hippocampus. HFHF diet
increases LcnZ gene expression in the mouse hippocampus without impacting //-6, //-1p, or
TnfmRNA expression (A). Bar height indicates mean of samples, error bars indicate
standard error of the mean for an n = 6-8 mice per group. Means with different letters are
significantly different from each other (p < 0.05). Data were analyzed by two-way ANOVA
followed by Bonferroni post hoc. Tissues were analyzed by gPCR using primers directed
against murine Lcn2, 1I-1b, 11-6, Tnf, Poia and Gapdh genes. For each animal, the Ct values
were normalized to the Ct values for Gapdhand Poia. The relative expression level of the
target gene (fold change) was expressed as 224Ct when compared with the mean DCt
(threshold cycle) of the control group. RT2 Profiler PCR array analysis of inflammation-
related genes showed that stress decreases the multitasking and neuromodulatory genes
Gata3and Rag more than two-fold and increases //-4, //-5, and //-13 expression more than
twofold in the hippocampus of Control S mice relative to Control NS group (B). HFHF diet
in combination with stress decreased the expression of hippocampal immunomodulatory
factors and //-18relative to Control NS mice (6-fold) (C). The hippocampus was dissected
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and examined for potential changes in inflammation. Samples were pooled together from an
n = 6-7 mice per group and compared between the 4 groups (Control NS, Control S, HFHF
NS and HFHF S mice). Abbreviations: qPCR, quantitative real-time reverse-transcription
polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Lcn2,
neutrophil gelatinase-associated lipocalin 2; IL, interleukin; TNF, Tumor necrosis factor;
Ragl, Recombinase activation gene 1; Gata 3, trans-acting T-cell-specific transcription
factor Gata3; Itgam, Integrin alpha M; CD40, costimulatory molecule CD40, Control,
Control Diet; HFHF, High-fat high-fructose diet; NS, No stress, S, stress.
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Fig. 6.

HFHF diet and stress induce behavioral deficits. HFHF NS mice spent more time sniffing
female urine than control diet mice; PS did not affect urine-sniffing time (A). There was no
difference in the percentage of water sniffing time (B). HFHF mice showed increased
anxiety-like behavior and buried more marbles in a 30-min session compared to Control
mice (C). Stress impacted sociability, decreasing the percentage of preference and time of
exploration for an unfamiliar mouse (D, E). Data are expressed as mean + SEM of time
spent sniffing water or urine from same strain female in estrus (A), number of marbles
buried (B), or duration (seconds) of time exploring the novel object (empty cup) or novel
mouse (unfamiliar mouse). Means with different letters are significantly different from each
other (p < 0.05). Female urine test (n = 14-15/group), marble burying (n = 14-15/group),
Sociability test (n = 67/ group). Abbreviations. PS, predatory stress; Control, Control diet;
HFHF, High-fat high-fructose diet; NS, No stress, S, stress.
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Metabolic pathways significantly associated with HFHF diet-related metabolites.

Table 1

Metabolic pathway Number of  p_yguel

metabolites

present
HILIC wipositive fonization
Urea cycle/amino group metabolism 8 0.00063
Carnitine shuttle 6 0.00073
Vitamin E metabolism 5 0.0012
Vitamin B3 (nicotinate and nicotinamide) 4 0.0012
Lipoate metabolism 2 0.0029
Sialic acid metabolism 4 0.0049
Vitamin B5 — CoA biosynthesis from pantothenate 2 0.0061
Arginine and Proline Metabolism 4 0.015
Lysine metabolism 3 0.02
Phosphatidylinositol phosphate metabolism 3 0.027
Glycosphingolipid metabolism 3 0.032
C g W/negative ionization
Fatty acid activation 8 0.00067
De novo fatty acid biosynthesis 8 0.00072
Fatty Acid Metabolism 5 0.0011
Vitamin E metabolism 9 0.0014
Phosphatidylinositol phosphate metabolism 8 0.0015
Glycerophospholipid metabolism 13 0.0017
Linoleate metabolism 8 0.0024
Dynorphin metabolism 3 0.0046
Omega-3 fatty acid metabolism 3 0.0046
Glycosphingolipid metabolism 9 0.0072
Ubiquinone Biosynthesis 3 0.0082
Carnitine shuttle 5 0.0089
Squalene and cholesterol biosynthesis 5 0.013

Page 34

Mummichog derived p-values are determined using a permutation approach that compares metabolite-pathway distribution from randomly
sampled /m/z features to distribution for the diet associated metabolites.
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Table 2

Stress and HFHF consumption enhances metabolic parameters. Insulin concentration and HOMA-IR were
greater in HFHF S mice than in the other experimental groups. Plasma cholesterol was affected by diet in
association with psychological stress. Diet intervention increased plasma leptin. There were no differences in
glucose or triglyceride levels between the experimental groups.

Control NS Control S HFHF NS HFHF S
Glucose (mg/dL) 92.9+3.42 91.5 £3.6% 96.0 £5.12 97.2+85%
Insulin (WU/mL) 10.9+2.62 84+132 50.2 + 10.8% 111.1 +35.7¢
HOMA-IR 240+0.78 20+0.28 79120 14.0+2.9°
Leptin (ng/mL) 1.86+0.162 2.79+0.52 26.0 +3.1° 27.72+2.0P
Triglycerides (mg/dL) 37.4+6.52 359422 50.8£7.12 39.0+£3.92

Cholesterol (mg/dL) 39.83+4.3°  38.94+3.05% 169.15+16.7% 209.31+7.8°

Serum was collected from n = 14-15 mice/group, and data are plotted as mean SEM for each group. Different letters indicate significant differences
in mean values. Mean values with the same superscript letters were not statistically significant. p-values were indicated for two-way analysis of
variance with post hoc Bonferroni test (o < 0.05).

Abbreviations: HOMA-IR (homeostasis model assessment for insulin resistance) = (FPI X FPG)/22.5. FPI-Fasting plasma insulin concentration
(uU/ml), FPG-fasting plasma glucose (mg/Dl); Control, Control diet; HFHF, High-fat high-fructose diet; NS, No stress, S, stress.
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Table 3

HFHF diet leads to an inflammatory response affecting plasma and liver cytokines. HFHF diet mice presented
increased plasma TNF, IL-6, Lcn2, and LBP levels and elevated hepatic TNF.

Control NS  Control S HFHF NS HFHF S

Plasma TNF (pg/mL) 4.46+0.4% 4.48+0.32 543+0.3® 6.08+0.7°
Plasma IL-6 (pg/mL) 2.84+0.62 357+0.42 9.51+25°  7.05+0.8%
Plasma Len2 (ug/mL) 1069 +1.78  10.97 £2.4%  16.92+24b 1581 +2.5%
Plasma LBP (ug/mL) 1258 +0.7¢8 14.31+0.9%® 1857+1.6° 1599+1.3%®
Plasma CRP (ng/mL)  3.10+0.128  3.39+0.23% 339+02%  3.44+0.20
Liver TNF (pg/mL) 2.32+04% 311+04%  448+07° 3.25+0.3%

*

Serum was collected from n = 14-15 mice/group, and data are plotted as mean SEM for each group. p-values were indicated for two-way analysis
of variance with post hoc Bonferroni test (p < 0.05). Different letters indicate significant differences in mean values. Mean values with the same
superscript letters were not statistically significant.

Abbreviations: Control, Control Diet; HFHF, High-fat high-fructose diet; NS, No stress, S, stress; TNF, Tumor necrosis factor; IL-6, interleukin;
LBP, LPS binding protein; Lcn2, Lipocalin 2; CRP, C-reactive protein.
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