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Swedish study of 9,911 patients reported an increased 
standardized mortality ratio of 120% from cardiovascular 
disease in patients with anxiety neurosis ( 2 ). A review of 
4,328 male military veterans in the United States reported 
that a diagnosis of posttraumatic stress disorder (PTSD) 
was associated with a signifi cant increase in the risk of 
death from early-age heart disease ( 3 ). Coryell and col-
leagues reported that patients with panic disorder were 
more than twice as likely to die from cardiovascular dis-
ease ( 4 ). 

 One potential mechanism linking anxiety and cardio-
vascular mortality is the development of metabolic syn-
drome. The metabolic syndrome consists of several risk 
factors that predispose an individual to cardiovascular dis-
ease and diabetes, including abdominal obesity, athero-
genic dyslipidemia, hypertension, and insulin resistance 
( 5 ). Studies have concluded that patients with psychiatric 
disorders, such as PTSD ( 6 ) and major depression, ( 7, 8 ) 
have an increased risk of developing the metabolic syn-
drome. Despite the clinical evidence supporting a link 
between mental illness and metabolic syndrome, the 
underlying mechanism has not been identifi ed. Recently 
we have validated a chronic social defeat stress (CSDS) 
protocol for use in mice ( 9 ). CSDS shares features with 
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days. After the 5 min of physical contact, test mice were separated 
from the aggressor and placed across a plastic separator with 
holes, where they remained in sensory contact with the CD1 ag-
gressor for the remainder of the 24 h. Controls were handled 
daily in the palm of the hand for 30 s and housed in equivalent 
cages with members of the same strain. After the last defeat, all 
mice were housed individually, and a social interaction test was 
performed to measure the behavioral consequences of the 
chronic defeat stress. Briefl y, mice were placed in a new arena 
with a small animal cage at one end, and their movements tracked 
for 2.5 min in the absence of another mouse, followed by 2.5 min 
in the presence of a caged, unfamiliar target CD1 mouse. Social 
interaction was quantifi ed by comparing the amount of time the 
test mouse spent in the interaction zone near the small-animal 
cage in the presence versus the absence of the target CD1 mouse 
using Ethovision 3.0 software (Noldus, Leesburg, VA). 

 Cholesterol and triglyceride levels 
 Lipids were extracted from 100–200 mg of frozen tissue using 

the Folch method. Cholesterol and triglyceride concentrations 
were obtained using the Triglyceride and Cholesterol Reagent 
(Fischer Scientifi c, Pittsburgh, PA) with readings at 515 nm (tri-
glyceride) and 500 nm (cholesterol). 

 Quantitative PCR analysis 
 The epididymal white adipose, brown adipose, gastrocnemius 

muscle and liver of each mouse were collected, snap-frozen in 
liquid nitrogen, and stored at  � 85°C. Total RNA was isolated 
from these tissues using RNA STAT-60 (Tel-Test Inc., Friend-
swood, TX). RNA concentrations were determined by absor-
bance at 260 nm with a Thermo Scientifi c Nanodrop 100 
Spectrophotometer. The total RNA was treated with RNase-free 
DNase (Roche, Palo Alto, CA) and reverse-transcribed into cDNA 
with SuperScript II reagents (Invitrogen, Carlsbad, CA) as previ-
ously described ( 13 ). Quantitative real-time PCR was performed 
using an Applied Biosystems 7900HT sequence detection system 
and SYBR-green chemistry (Applied Biosystems, Foster City, CA). 
The nucleotide sequences of the various primers used are pre-
sented in supplementary Table I. The mRNA levels are expressed 
relative to the housekeeping gene 36B4, calculated by the com-
parative threshold cycle (Ct) method ( 14 ). 

 Western blot 
 Snap-frozen mouse liver samples were lysed in cold lysis buffer, 

and membrane fractions were prepared as previously described 
( 15 ). Protein concentrations were measured using the BCA pro-
tein assay kit (Pierce, Rockford, IL). For immunoblot analysis, 20 
µg of liver membrane proteins were separated on an 8% denatur-
ing SDS-polyacrylamide gel and were transferred to a polyvi-
nylidene difl uoride (#RPN2020F, GE Healthcare Life Sciences, 
Pittsburgh, PA) membrane. Rabbit polyclonal antiserum for 
LDL-R ( 16 ) was used with horseradish peroxidase-conjugated 
donkey anti-rabbit IgG as the secondary antibody. Antiserum 
against the C-terminal of human LDL receptor-related protein 
(LRP) was used for the detection of the invariant control protein 
( 17 ). ECL western blot substrate (Pierce) was used to generate a 
signal by autoradiograph, and signal densities of bands were de-
termined by analyzing scanned images with ImageJ software 
(National Institutes of Health, Bethesda, MD). 

 Statistical analysis of data 
 Data are reported as the mean ± SEM for the specifi ed number 

of animals. GraphPad Prism 5 software (GraphPad Software Inc., 
San Diego, CA) was used to perform all statistical analyses. A 
two-way ( 15 )( 14 ) analysis of variance (ANOVA) was performed 

many psychiatric disorders, including posttraumatic stress 
disorder, social anxiety, and major depression with comor-
bid anxiety ( 10, 11 ). In this model, mice subjected to re-
peated social aggression develop behavioral defi cits similar 
to symptoms observed in human mental illness, including 
social avoidance and decreased preference for natural re-
wards such as sucrose. 

 Utilizing this model we now report the effect of social 
stress on plasma lipid profi les and lipid regulation. We 
have selected the C57BL/6 mouse line for these studies 
because of its vulnerability to the effects chronic social 
stress. Additionally, we have analyzed the effect of a West-
ern-style diet high in cholesterol and triglyceride (high-fat 
diet, HFD) in both groups. CSDS by itself induces insulin 
resistance, as demonstrated by elevated fasting glucose lev-
els in mice exposed to CSDS. The combination of CSDS 
with HFD induces a synergistic elevation in the plasma 
level of non–HDL cholesterol and intrahepatic accumula-
tion of triglycerides—two key features of the metabolic 
syndrome. We present CSDS as a model of social stress–
induced metabolic dysregulation. 

 MATERIALS AND METHODS 

 Animals and housing 
 Male 8–10-week-old C57BL6/J mice (Jackson Laboratories, 

Bar Harbor, ME) and CD1 retired breeder mice (Charles River, 
Wilmington, MA) were housed at the University of Texas South-
western (UTSW) vivarium in a temperature-controlled environ-
ment (lights on: 0400–1600) with ad libitum access to water and 
standard chow (4% fat diet #7001, Harlan-Teklad, Madison, WI) 
or high-fat diet (protein/carbohydrate/fat: 15.2/42.7/42.0%kcal 
with 0.2% (w/w) cholesterol, TD.88137, Harlan-Teklad). At the 
completion of the 40-day study, mice were fasted overnight, and 
early the following morning, euthanized to acquire of blood and 
tissues. All animal procedures were carried out in accordance 
with the UT Southwestern Institutional Animal Care and Use 
Committee (IACUC) guidelines. 

 Hormone levels 
 Serum was collected from trunk blood after a 3-h fast. 

4-(hydroxymercuri)benzoic acid Sodium Salt (#55540, Sigma Al-
drich, St. Louis, MO) was added to preserve neuropeptides hor-
mones. Insulin (#90060 Crystal Chem, Downers Grove, IL) and 
corticosterone (AC-15F1, Immunodiagnostic Systems, Fountain 
Hills, AZ) concentrations were determined from serum using 
ELISA kits as per the manufacturer’s instructions. RIA kit (Cat. 
#GL-32K, Millipore, Billerica, MA) was used to measure glucagon 
levels. 

 Body composition and serum levels 
 Data reported was acquired by the UTSW Mouse Metabolic 

Phenotyping Core (http://www.utsouthwestern.edu/utsw/home/
research/metstudcore/index.html). Body composition was de-
termined by an mq10 series Bruker Minispec (Bruker Optics, 
The Woodlands, TX) 28 days after defeat. 

 Chronic social defeat stress 
 CSDS was carried out using a method reported recently ( 12 ). 

Test mice were exposed to a different CD1 strain aggressor mouse 
each day prior to lights out (1600) for 5 min over a total of 10 
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rodent chow or a diet high in fat and cholesterol (HFD). 
As expected, control mice given access to HFD gained 
more weight and body fat than chow-fed mice ( Fig. 1B, D ). 
Defeated mice given either diet showed an increase in 
calories consumed per gram body weight; both groups of 
defeated mice ate a similar number of calories ( Fig. 1C ). 
While the overall number of calories was similar between 
the CSDS groups, there was a signifi cant difference in 
body composition. As noted, control mice fed HFD signifi -
cantly increased body fat. In contrast, defeated mice main-
tained on HFD demonstrated a repartitioning of energy 
stores with signifi cantly less body fat compared with con-
trol mice maintained on HFD ( Fig. 1D ). 

 Next, we analyzed the lipid profi les of mice subjected to 
CSDS. The combination of CSDS and HFD produced sig-
nifi cant increases in both total cholesterol and non–HDL 
cholesterol levels ( Fig. 1E, F ). Serum trigylcerides were 
not signifi cantly different in any group (data not shown), 
which suggests that the majority of the increase in non–
HDL cholesterol was composed of LDL cholesterol. While 
there was no difference in trigylceride levels, mice exposed 

using CSDS and diet as factors. If a statistical interaction was ob-
served between factors, comparison of all four groups was per-
formed by Tukey posthoc comparison, and statistically different 
groups are indicated by different letters ( P  < 0.05). If no signifi -
cant interaction between factors (CSDS and diet) was observed, 
statistical effects of one or both factors are denoted as an inset for 
each graph. Not signifi cant (n.s.) was defi ned as  P  > 0.05; signifi -
cant was defi ned as  P  < 0.05. 

 RESULTS 

 Metabolic consequences of CSDS 
 Following a 10-day exposure to CSDS, mice were tested 

for social interaction. Mice subjected to CSDS spent more 
time interacting with an inanimate object than with an un-
familiar mouse (  Fig. 1A  ). This social avoidance is consid-
ered a measure of depression-like behavior because it can 
be reversed by chronic, but not acute, treatment with anti-
depressants ( 18 ). After testing for social avoidance, the 
mice were randomized into two equal groups based on 
interaction ratios. They received either low-fat, standard 

  Fig.   1.  Effect of social stress on metabolic parameters. Eight-week-old C57BL/6 male mice were subjected to CSDS (n = 14) or nonaggres-
sive encounters (control, n = 14) and then randomized into groups receiving either chow or high-fat diet for 30 days. CSDS alters (A) social 
avoidance at day 11 and (B) body weight change at day 40. A subgroup of animals (n = 6/group) were further analyzed for (C) food intake, 
(D) body composition, (E) total cholesterol, (F) non–HDL cholesterol, (G) nonesterifi ed fatty acids, (H) glucose, and (I) insulin. Data are 
presented as mean ± SEM, with signifi cant differences as an insert on the chart ( P  < 0.05,  P  < 0.01,  P  < 0.001). Groups fi rst tested by two-way 
ANOVA. If a statistical interaction was observed between factors, comparison of all four groups was performed by one-way ANOVA with 
Tukey posthoc comparison, and statistically different groups are indicated by different letters. CSDS, chronic social defeat stress; HFD, 
high-fat diet.   
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cholesterol. Access to HFD elevated intrahepatic choles-
terol levels in both control and CSDS mice ( Fig. 2B ). This 
fi nding suggests that the negative regulation of SREBP2 
activity by intracellular cholesterol is impaired after 
CSDS. 

 In addition to transcriptional regulation, levels of LDL 
receptor protein are controlled by two additional path-
ways. Proprotein convertase subtilisin/kexin type 9 
(PCSK9) is an SREBP2 target gene that increases serum 
levels of LDL by reducing LDL receptor protein levels 
( 21–23 ). Interestingly, CSDS signifi cantly elevates levels 
of PCSK9 ( Fig. 2A ) consistent with other SREBP2 target 
genes, which suggests that CSDS increases transcriptional 
activity of the SREBP2 transcription factor. LDL receptor 
protein levels are also regulated by the liver X receptor 
(LXR) target gene myosin regulatory light chain inter-
acting protein (MYLIP, also known as IDOL). MYLIP is 
an E3 ubiquitin ligase that reduces LDL receptor levels 
by targeting it for degradation by the proteosome ( 24 ). 
The combination of HFD and CSDS caused an interac-
tive effect with HFD elevating MYLIP in the control, but 
not CSDS, mice ( Fig. 2A ). Because PCSK9 and MYLIP 
demonstrated differential regulation by diet and stress, it 
is diffi cult to predict the overall effect on LDL protein 
levels. Therefore, we measured protein levels of LDL re-
ceptor by Western blot ( Fig. 2C ). HFD and CSDS caused 
a signifi cant interaction, with HFD reducing LDL recep-
tor levels only in the control mice. This pattern is most 
consistent with an effect of MYLIP reducing LDL recep-
tor protein levels. Interestingly, elevated expression of 
PCSK9 mRNA after CSDS seemed to have no effect on 
LDL receptor levels. 

 Fatty acid regulation 
 Next we examined insulin signaling and fatty acid reg-

ulation. Insulin signaling is a key regulator of fatty acid 
synthesis in the liver. Exposure to CSDS resulted in sig-
nifi cantly elevated expression of several insulin-regulated 
genes involved in fatty acid synthesis including the tran-
scription factor SREBP1c and its downstream targets 
fatty acid synthase, stearoyl CoA desaturase 1 (SCD1), 
and acetyl CoA carboxylase 1a (ACC1a) (  Fig. 3A  ). 
Interestingly, LXR �  was slightly decreased by CSDS de-
spite the fact that many genes controlled by LXR �  were 
actually upregulated after stress, including SREBP1c. 
This observation is likely due to the fact that LXR �  activ-
ity is regulated mainly by the binding of its endogenous 
ligand oxysterols ( 25 ). 

 To complement the data on the expression of lipo-
genic genes, we examined the expression of genes in-
volved in fatty acid oxidation. Many components of the 
fatty acid oxidation pathway were decreased by CSDS, in-
cluding pyruvate dehydrogenase kinase 4 (PDK4), un-
coupling protein 2 (UCP2), and fi broblast growth factor 
21 (FGF21) ( Fig. 3B ). These genes are targets of the tran-
scription factor peroxisome proliferator-activated recep-
tor  �  (PPAR � ). Interestingly, the level of PPAR �  was 
actually increased slightly by HFD ( Fig. 3B ). The discrep-
ancy between mRNA levels and apparent activity suggests 

to CSDS had signifi cantly lower levels of nonesterifi ed fatty 
acids (NEFA) than control animals ( Fig. 1G ). This fi nding 
is consistent with a previous report that demonstrated re-
straint stress in male rats resulted in an acute decrease in 
NEFA ( 19 ). 

 Finally, CSDS was associated with increased fasting 
glucose levels in both diets, accompanied by elevated insu-
lin levels, which suggests a degree of insulin resistance 
( Fig. 1H, I ). We attempted to confi rm this fi nding by per-
forming insulin and glucose tolerance tests. Unfortunately, 
mice subjected to CSDS are hypersensitive to the effects 
of handling, which resulted in large increases in glucose 
levels even after injection of saline (data not shown) that 
confounded efforts to determine insulin and glucose 
tolerance. 

 Regulation of non–HDL cholesterol 
 These fi ndings demonstrate that the combination of 

CSDS and access to a HFD induce two key components of 
the metabolic syndrome: insulin resistance and elevated 
non–HDL cholesterol. To better understand the signaling 
pathways underlying these metabolic disturbances, we col-
lected tissue samples of liver, white adipose tissue, brown 
adipose tissue, and muscle from mice at the conclusion of 
the experiment. As shown in  Fig. 1F , the combination of 
social defeat stress and HFD induced a signifi cant increase 
in the serum level of non–HDL cholesterol. 

 Using quantitative real-time PCR, we fi rst measured the 
expression levels of genes involved in cholesterol synthe-
sis. Cholesterol synthesis in the liver is controlled by a se-
ries of genes regulated by the transcription factor sterol 
regulatory element binding protein 2 (SREBP2) ( 20 ). The 
expression level of both of the cholesterol synthesis genes 
we measured, HMG-CoA reductase and HMG-CoA syn-
thase, showed a similar pattern of regulation (  Fig. 2A  ). 
Consistent with known results, a Western-style HFD rich in 
cholesterol suppressed mRNA levels of both genes. Social 
defeat, however, increased their expression, especially 
when fed regular chow. 

 Next we analyzed expression levels of the LDL recep-
tor, which is responsible for clearing cholesterol con-
taining LDL particles from the blood stream. Similar to 
cholesterol synthesis genes, LDL receptor expression is 
reduced in mice maintained on HFD, but it is elevated 
by CSDS. LDL receptor, as well as HMG-CoA reductase 
and HMG-CoA synthase, are targets of the transcription 
factor SREBP2. Transcriptional control of the SREBP2 
gene is autoregulated, and accordingly, SREBP2 levels 
displayed the same pattern of expression with HFD de-
creasing and social defeat increasing mRNA levels ( Fig. 
2A ). 

 Elevated cellular levels of cholesterol inhibit SREBP2 
maturation through a posttranslational process and, there-
fore, negatively regulate intracellular cholesterol levels by 
inhibiting both cholesterol synthesis and cholesterol up-
take by LDL receptor. The failure to fully suppress SREBP2 
activity after CSDS could be explained by a decrease in 
intrahepatic cholesterol in mice exposed to CSDS. We 
tested this possibility by measuring intrahepatic levels of 



1348 Journal of Lipid Research Volume 51, 2010

clear given the redundancy of IRS1 and 2. The glucose 
transporter 2 (GLUT2) was elevated after exposure to so-
cial defeat, but it also decreased by access to HFD. 

 Genes involved in gluconeogenesis showed a mixed pat-
tern of regulation ( Fig. 4B ). While phosphoenolpyruvate 
carboxykinase (PEPCK) was signifi cantly downregulated 
after CSDS, no effect was observed for glucose-6-phophatase 
(G6Pase). Additionally, CSDS had no effect on the expres-
sion of transcription factors [hepatocyte nuclear factor 4a 
(HNF4 � ) and PPAR �  coactivator 1a (PGC1 � )] that regu-
late gluconeogenesis. Finally, we measured the levels of 
liver pyruvate kinase (L-PK), a target of the carbohydrate-
response element binding protein (ChREBP) ( 26 ). L-PK 
was signifi cantly elevated in chow fed animals after social 
defeat and further increased in defeated mice maintained 
on HFD ( Fig. 4C ). Because L-PK enhances the conversion 

the possibility that CSDS decreases the transcriptional 
activity of PPAR � , which thereby decreases fatty acid 
oxidation. 

 Insulin signaling 
 The combination of fasting hyperglycemia and hyperin-

sulinemia ( Fig. 1H, I ) observed after CSDS suggested insu-
lin resistance in these mice. Insulin signaling in the liver, 
however, seemed to be intact based upon increased ex-
pression of SREBP1c, a sensitive target of insulin action. 
Therefore, we next analyzed components of the insulin 
signaling pathway. Genes involved in insulin signaling 
were largely unaffected by CSDS (  Fig. 4A  ), including insu-
lin receptor and insulin receptor substrate 1 (IRS1). Insu-
lin receptor substrate 2 (IRS2) expression was reduced 
after CSDS; however, the signifi cance of this result is un-

  Fig.   2.  Effects of CSDS on cholesterol homeostasis. After 30 days on either chow or HFD, mice were fasted 3 h and liver was collected. (A) 
Signifi cant differences were noted by qPCR for genes involved in cholesterol homeostasis, including HMG-CoA reductase, HMG-CoA syn-
thase, SREBP2, LDL receptor, PCSK9, and MYLIP. (B) Intrahepatic levels of cholesterol. (C) Relative levels of LDL-R protein by western 
blot with human LDL receptor-related protein (LRP) used as control. Data are presented as mean ± SEM, with signifi cant differences as an 
insert on the chart ( P  < 0.05,  P  < 0.01,  P  < 0.001). Groups fi rst tested by two-way ANOVA. If a statistical interaction was observed between 
factors, comparison of all four groups was performed by one-way ANOVA with Tukey posthoc comparison, and statistically different groups 
are indicated by different letters. CSDS, chronic social defeat stress; HFD, high-fat diet; MYLIP, myosin regulatory light chain interacting 
protein; PCSK9, proprotein convertase subtilisin/kexin type 9; SREBP2, sterol-regulatory element binding protein 2.   
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ining the expression of CD36, a gene involved in NEFA 
uptake. While HFD upregulated CD36 in white adipose 
tissue and brown adipose tissue, there was no effect of 
CSDS (  Fig. 5A , B ). CD36 levels in muscle tissue of mice 
exposed to CSDS were actually signifi cantly lower than 
control mice ( Fig. 5C ). Additionally, genes involved 
in NEFA utilization, including carnitine palmitoyltrans-
ferase 1a (CPT1a) (brown adipose), lipin, and patatin-like 
phospholipase domain containing 2 (PNPLA2) (muscle), 
were decreased by CSDS. In contrast, CD36 expression is 
signifi cantly elevated in liver of mice exposed to CSDS 
( Fig. 3B ). 

of glucose into pyruvate (the precursor of de novo fatty 
acid synthesis), this fi nding is consistent with a role for so-
cial stress in promoting fatty acid accumulation. 

 Peripheral regulation of NEFA 
 We noted that in mice receiving HFD, CSDS altered 

body composition with signifi cantly decreased levels of 
body fat ( Fig. 1D ). However, the levels of NEFA, a prod-
uct of lipolysis, were also lower in defeated animals. 
The combination of low body fat and low NEFA indicated 
the possibility that peripheral tissues were utilizing NEFA 
as an energy source. We evaluated this possibility by exam-

  Fig.   3.  Expression of genes that control fatty acid levels in liver after CSDS. (A) Signifi cant differences in expression of genes involved in 
fatty acid synthesis: FAS, SCD1, ACC1a, SREBP1c, and LXR � . (B) Expression of genes that regulate fatty acid utilization: PDK4, UCP2, 
FGF21, CPT1a, PPAR � , and CD36. Data are presented as mean ± SEM, with signifi cant differences as an insert on the chart ( P  < 0.05,  P  < 
0.01,  P  < 0.001). Groups tested by two-way ANOVA. ACC1a, acetyl CoA carboxylase 1a; CPT1a, carnitine palmitoyltransferase 1a; CSDS, 
chronic social defeat stress; FGF21, fi broblast growth factor 21; LXR � , liver X receptor  � ; PDK4, pyruvate dehydrogenase kinase 4; PPAR � , 
peroxisome proliferator-activated receptor  � ; SCD1, stearoyl CoA desaturase 1; SREBP1c, sterol-regulatory element binding protein 1c; 
UCP2, uncoupling protein 2.   
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 DISCUSSION 

 Historically, most psychiatric research has focused on 
the affective and cognitive consequences of mental illness. 
However, mental illness also dramatically increases the 
risk of mortality from medical illnesses such as cardiovas-
cular disease ( 1 ). We now present a model for better un-
derstanding at least one component of this risk: the 
relationship between mental illness and lipid dysregula-
tion, a major component of the metabolic syndrome.  Fig. 
6B  highlights major aspects of this model. Chronic stress 
reduces levels of body fat and increases utilization of 
NEFA. This extra energy may be redistributed to the liver 
through increased expression of CD36. Additionally, in-
creased levels of GLUT2 promote the uptake of glucose 
and conversion to phosphoenolpyruvate by glycolysis. In-
creased activity of ChREBP induces the conversion of 
phosphoenolpyruvate to pyruvate by upregulating liver-
pyruvate kinase. Pyruvate is converted to acetyl-CoA and 
used for synthesis of fatty acids as a result of increased 

 Intrahepatic triglyceride levels 
 While mRNA levels do not necessarily correlate with 

protein changes, taken together, the gene expression 
profi les are consistent and indicate that CSDS decreases 
the capacity of several tissues, including white adipose, 
brown adipose, and muscle, to take up and utilize 
plasma NEFA. NEFA may be redistributed to the liver 
where elevated expression of CD36 promotes accumula-
tion of intrahepatic levels of fatty acids. Increased tran-
scriptional activity of LXR � , SREBP1c, and ChREBP 
further increases fatty acid synthesis. The combination 
of increased NEFA uptake and fatty acid synthesis would 
be predicted to lead to accumulation of intrahepatic 
lipids. To test this possibility, we measured triglyceride 
levels in the liver. The interaction of CSDS and HFD 
produced a signifi cant increase in triglyceride levels in 
the liver (  Fig. 6A  ), which is consistent with the increased 
uptake and production and decreased utilization pre-
dicted by the observed patterns of gene expression ( Fig. 
6B ). 

  Fig.   4.  Expression of genes that regulate carbohydrate metabolism in liver after CSDS. (A) Relative mRNA levels of genes involved in 
insulin signaling, including insulin receptor, IRS1, IRS2, and GLUT2. (B) Expression of genes involved in gluconeogenesis: PEPCK, 
G6Pase, HNF4a, and PGC1a. (C) Expression of the carbohydrate response element binding protein target L-PK. Data are presented as 
mean ± SEM, with signifi cant differences as an insert on the chart ( P  < 0.05,  P  < 0.01,  P  < 0.001). Groups fi rst tested by two-way ANOVA. If 
a statistical interaction was observed between factors, comparison of all four groups was performed by one-way ANOVA with Tukey posthoc 
comparison, and statistically different groups are indicated by different letters. CSDS, chronic social defeat stress; G6Pase, glucose-6-
phophatase; GLUT2, glucose transporter 2; HNF4a, hepatocyte nuclear factor 4a; IRS, insulin receptor substrate; L-PK, liver pyruvate ki-
nase; PGC1a, PPAR �  coactivator 1a; PEPCK, phosphoenolpyruvate carboxykinase; PPAR, peroxisome proliferator-activated receptor.   
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signifi cant increase in intrahepatic triglyceride levels after 
CSDS ( Fig. 6A ). Additional work will need to be done to 
expand beyond analyses of metabolite and mRNA levels to 
better understand the processes by which CSDS alters uti-
lization of NEFA. 

 Role of  � -adrenergic signaling 
 Several lines of evidence suggest that increased activity 

of the autonomic nervous system mediates the reduction 
in adipose tissue we observed: (1) activity of the sympa-
thetic nervous is increased in both social defeat stress and 
in human patients with anxiety disorders ( 27–29 ); (2) the 
 �  adrenergic receptor agonist isoproterenol decreases ac-
tivity of lipoprotein lipase in white adipose ( 30 ); and (3) 
we recently demonstrated that the  � 3-adrenergic receptor 
antagonist SR59230A blocks CSDS induced reductions in 
adipose tissue mass ( 31 ). If the autonomic arousal often 
associated with psychiatric illnesses, such as PTSD or panic 
disorder, inhibits the ability of white adipose tissue to ap-
propriately store excess calorie intake as lipid, then excess 

activity of LXR �  and SREBP1c. Elevated intracellular fatty 
acids are then converted to triglycerides and accumulate 
in the liver. 

 The effect of CSDS in chow-fed animals 
 While the combination of stress and HFD produces sig-

nifi cant metabolic perturbations, exposure to social stress 
by itself caused several interesting fi ndings. In animals 
maintained on standard chow, CSDS produced a signifi -
cant increase in body weight ( Fig. 1B ) with a slight de-
crease in body fat (8.47% ± 0.41 versus 6.51% ± 0.44) ( Fig. 
1D ). This decrease in body fat was accompanied by a de-
crease in plasma NEFA as well ( Fig. 1G ), suggesting the 
possibility of increased utilization of NEFA by peripheral 
tissues. However, expression profi ling of liver ( Fig. 3B ) 
and white adipose, brown adipose, and muscle ( Fig. 5 ) was 
most consistent with CSDS either reducing or having no 
effect on fatty acid utilization. Increased CD36 expression 
in liver ( Fig. 3B ) suggested the possibility that hepatic up-
take may reduce NEFA levels. However, there was not a 

  Fig.   5.  Gene expression profi le in white adipose, brown adipose, and muscle after CSDS. After 30 days on either chow or HFD, mice were 
fasted 3 h and tissue was collected as noted. (A) Changes in gene expression in white adipose tissue: CD36. (B) Changes in gene expression 
in brown adipose tissue: CD36, CPT1a, and UCP1. (C) Changes in gene expression in muscle: CD36, Lipin, and PNPLA2. Data are presented 
as mean ± SEM, with signifi cant differences as an insert on the chart ( P  < 0.05,  P  < 0.01,  P  < 0.001). Groups fi rst tested by two-way ANOVA. 
If a statistical interaction was observed between factors, comparison of all four groups was performed by one-way ANOVA with Tukey posthoc 
comparison, and statistically different groups are indicated by different letters. CPT1a, carnitine palmitoyltransferase 1a; CSDS, chronic so-
cial defeat stress; HFD, high-fat diet; PNPLA2, patatin-like phospholipase domain containing 2; UCP1, uncoupling protein 1.   
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The combination of elevated insulin and lower corticoster-
one levels suppresses expression of PDK4 and results in 
disinhibition of the pyruvate dehydrogenase complex and 
conversion of pyruvate to acetyl-CoA for use in synthesis of 
fatty acids. Finally, glucagon is released in response to 
stimulation of the  � -2 adrenergic receptor ( 41 ). Chronic 
elevations in sympathetic nervous activity could increase 
glucagon levels and alter glucose and fatty acid metabo-
lism. However, on day 40 no signifi cant difference was 
noted in glucagon levels in any group (see supplementary 
Fig. II). 

 CONCLUSION 

 These fi ndings provide a framework to better under-
stand the interaction of stress and diet in the development 
of metabolic illness. Chronic stress, in the presence of a 
HFD, alters energy portioning with decreased levels of 
body fat, accumulation of intrahepatic triglyceride, and 
reduced suppression of SREBP2-signaling by intracellular 
cholesterol. Characterization of this process may eventu-
ally lead to improved treatment of medical illness in pa-
tients with mental illness.  

 The authors thank Jay Horton for helpful discussion of the 
manuscript. 
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