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Abstract: Nonalcoholic fatty liver disease (NAFLD) is characterized by hepatic lipid accumulation which may progress
towards inflammation (nonalcoholic steatohepatitis (NASH)). NAFLD is regarded as a consequence of a sedentary,
food-abundant lifestyle which, in the modern world, often coincides with chronically high levels of perceived
psychosocial stress. Here, we aimed to characterize the effect of chronic psychosocial stress on the development
of NAFLD/NASH in male mice either fed with standard chow or NASH-inducing high fat diet. Chronic psychosocial
stress was induced by chronic subordinate colony housing (CSC), a pre-clinically validated paradigm relevant
for human affective and somatic disorders. Single housed (SHC) mice served as controls. Under standard chow
conditions CSC mice revealed lower hepatic triglyceride levels but higher hepatic TNFα, MCP-1 and HMOX mRNA
expression, while serum transaminase levels did not significantly differ from SHC mice. Under the NASH-inducing
high-fat diet CSC and SHC mice showed similar body weight-gain and serum levels of glucose and adiponectin.
Moreover, liver histology as well as TNFα, MCP-1 and HMOX expression were similar in CSC and SHC mice fed with
HFD. Surprisingly, CSC showed even significantly lower transaminase levels than SHC mice fed with the same NASHinducing diet. Together, these data indicate that under normal dietary conditions the CSC model induces noticeable
hepatic oxidative stress and inflammation without causing manifest hepatocellular injury. In contrast, CSC exhibited
a protective effect on hepatocellular injury in a dietary NASH-model. Identification of the underlying mechanisms of
this phenomenon may lead to novel therapeutic strategies to prevent progression of NAFLD.
Keywords: Chronic psychosocial stress, nonalcoholic fatty liver disease (NAFLD), nonalcoholic steatohepatitis
(NASH)

Introduction
Nonalcoholic fatty liver disease (NAFLD) is a
pathological condition of rising clinical importance. It is characterized by hepatic lipid accumulation which starts with simple hepatic steatosis and progresses towards hepatocellular
injury
and
inflammation
(nonalcoholic
steatohepatitis (NASH)) in a significant number
of patients. NASH is the most common origin of
abnormal liver tests in Western societies and
its incidence is further increasing worldwide [13]. Given that obesity, type 2 diabetes, hypertension or dyslipidemia are frequently associated with NAFLD, it is considered as the hepatic
manifestation of the metabolic syndrome,
mainly caused by sedentary lifestyle combined
with high caloric intake.

Another major risk factor for developing metabolic disturbances is chronic psychosocial
stress triggered in humans, for example, by low
socio-economic status or personal conflicts.
Chronic stress was shown to contribute to
increased weight gain and visceral adiposity in
humans [4]. In support, long-term conflicts with
close partners resulted in increased waist and
body mass index [5]. Moreover, an association
between chronic stress exposure and elevated
basal sympathetic activity as well as prolonged
sympathetic response to stress has been
obtained in men [6, 7]. A 6-years clinical trial
showed that humans regarding themselves distressed had a higher prevalence developing the
metabolic syndrome [8]. Chronic stress disrupts
the circadian rhythm in mice and humans and

Psychosocial stress and NASH
has implications on metabolic deficits such as
obesity, type 2 diabetes mellitus and dyslipidemia [9]. Furthermore, dysregulation of the
hypothalamus-pituitary-adrenal (HPA) axis, one
of the major stress systems in the body, has
been described in several metabolic disorders
[10]. Both, human and animal studies indicate
that disrupted diurnal corticosteroid rhythms
are linked to dramatic metabolic changes [11,
12] and that carbohydrate metabolism, blood
glucose concentration, and regulation of lipid
synthesis are altered during chronic stress
[13-15].
Thus, given the high comorbidity for the metabolic syndrome and NAFLD or NASH, it is likely
that chronic stress indirectly promotes also the
progression of chronic liver disease. This is supported by human data reporting a positive correlation between psychosocial stress and the
severity of chronic hepatitis C [16]. Psychosocial
stress has been further shown to exaggerate
inflammatory and fibrosing changes in cirrhotic
livers [17-19]. Moreover, elevated serum leptin
levels were found in rodents exposed to chronic
restraint stress in combination with feeding a
high-fat diet [20]. Leptin is an adipokine which
has been shown to promote the progression of
NAFLD in experimental NASH models [21].
The aim of this study was to analyze the effect
of chronic psychosocial stress exposure on the
progression of NAFLD in mice. To induce chronic psychosocial stress in male mice they were
exposed to chronic subordinate colony housing
(CSC), a validated paradigm relevant for human
affective and somatic disorders [22]. CSC exposure was combined with feeding a high-fat,
NASH-inducing diet, which has been shown to
induce similar pathological changes as
observed in NASH-patients [23, 24].
Materials and methods
Animals
Male C57BL/6 mice (Charles River, Sulzfeld,
Germany) with an age of 36 - 45 days and a
body weight of 19 - 22 g (experimental mice)
were individually housed in standard polycarbonate mouse cages (16 x 22 x 14 cm) for one
week before the subordinate colony housing
(CSC) paradigm started (days 6 to day 1). The
male offspring (weighing 30 - 35 g) of high anxiety-related behavior female mice (kindly pro-
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vided by Dr. R. Landgraf, Max Planck Institute
of Psychiatry in Munich) and C57BL/6 male
mice (Charles River, Sulzfeld, Germany) were
used as resident/dominant animals showing
appropriate aggression and dominance. All
mice were kept under standard laboratory conditions (12 h light/dark cycle, lights on at 0600
h, 22°C, 60% humidity) and had free access to
tap water and either standard or a NASH inducing mouse diet. All experimental protocols were
approved by the Committee on Animal Health
and Care of the local government, and conformed to international guidelines on the ethical use of animals.
Experimental procedures
Two sets of experimental mice were either
exposed to the CSC paradigm for 20 days as
described previously [22] or were single-housed
(single housed controls, SHC). Briefly, four CSC
mice were housed together with a larger dominant male in a polycarbonate observation cage
(38 x 22 x 35 cm) for 19 d consecutively. Prior
to the CSC exposure, all potential male dominant mice were tested for their aggressive
behavior. Males that started to bite and injure
their opponents were not used for the CSC procedure. To avoid habituation, each dominant
male was replaced by a novel dominant male
on day 8 and day 15.
One set of CSC and SHC mice was fed with
standard chow. The second set was fed with a
NASH inducing mouse diet [24, 25] from day 6
until day 20 of CSC.
In the morning of day 20 between 0800 and
1000 h mice of both sets were killed by decapitation and trunk blood was collected.
Afterwards, the liver was removed and treated
according to the respective readout parameter
as described below.
Determination of serum parameters
Serum aspartate transaminase (AST) and alanine transaminase (ALT) and cholesterol derivatives levels were measured applying standard
procedures as described [26].
Expression analysis
Isolation of total cellular RNA from murine liver
tissue and reverse transcription were performed as described previously [27].
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Figure 1. Effect of chronic psychosocial stress on hepatic lipid levels and pro-inflammatory gene expression in
mice. A: Hepatic triglyceride content in mice exposed to 19 days of chronic subordinate colony housing (CSC; n=8)
compared to single-housed control mice (SHC; n=8). Hepatic mRNA levels of (B) TNFα, (C) MCP-1 and (D) HMOX
measured with quantitative RT-PCR in CSC and SHC mice. (*p<0.05 compared to SHC).

Quantitative real time-PCR was performed with
specific sets of primers for TNFα, MCP-1 and
HMOX (Qiagen, Hilden, Germany) using
LightCycler technology (Roche, Mannheim,
Germany) [27].
Histological analysis
For histological analysis murine liver tissue
specimens were fixed for 24 h in 4% formalin at
room temperature, dehydrated by graded ethanol and embedded in paraffin. Tissue sections
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(thickness 5 μm) were deparaffinized with
xylene and stained with eosin/hematoxylin
(H&E) [28].
Analysis of hepatic triglyceride and cholesterol
content
Total triglycerides were extracted using the
method of Bligh and Dyer with slight modifications [23, 29, 30] and quantified by the triglyceride determination kit (GPO) (Sigma,
Deisenhofen, Germany) as described [31].
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Hepatic cholesterol levels were measured
using the cholesterol/cholesteryl ester
quantiﬁcation kit (BioVision, Mountain View,
CA, USA) according to the manufacturer’s
instructions.
Statistical analysis
Results are expressed as mean ± standard
error (range) of the mean (SEM) or percentage.
Comparison between groups was made using
the Student’s unpaired t-test. A p value <0.05
was considered statistically significant. All calculations were performed by using the
GraphPad Prism Software (GraphPad Software,
Inc., San Diego, USA).
Results
Effect of chronic psychosocial stress on hepatic lipid levels and pro-inflammatory gene
expression
First, we analyzed the effect of chronic stressor
exposure on hepatic lipid content. CSC exposure did not significantly alter hepatic cholesterol levels (data not shown). In contrast, levels
of triglycerides, the main storage form of hepatic lipids, were significantly lower in the liver of
CSC mice (Figure 1A). Triacylglycerol and cholesterol that is not required by the liver for synthesis of bile acids are secreted into the plasma in form of very-low-density lipoproteins
(VLDL). In the bloodstream VLDL are degraded
to intermediate-density lipoprotein (IDL) and
either taken up by the LDL receptor on the liver
cell surface, or continue to lose triacylglycerols
in the bloodstream until they form low-density
lipoprotein (LDL) molecules [32, 33]. This is in
line with recently published data showing higher serum levels of LDL-lipoproteins in CSC compared with SHC mice [26]. Together these findings suggest that higher export of lipids may
account for slightly lowered hepatic triglyceride
levels in CSC mice.
Psychosocial stress has also been suggested
to influence the course of hepatic inflammation
by inducing tumor necrosis factor alpha (TNFα)
production in rats [34]. In accordance, we
observed increased hepatic TNFα expression
in CSC mice (Figure 1B). Furthermore, we
observed increased hepatic monocyte chemotactic protein-1 (MCP-1) mRNA expression in
CSC compared with SHC control mice (Figure
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1C). Both TNFα and MCP-1 play a critical role in
the development of progression of chronic liver
disease including NAFLD [35, 36]. Furthermore,
we analyzed expression of heme oxygenase
(decycling) 1 (HMOX). HMOX cleaves heme to
form biliverdin and is increased via induction of
reactive oxygen species (ROS) [37, 38]. Thus,
higher hepatic HMOX expression levels in CSC
compared with SHC mice indicated enhanced
hepatic ROS formation in livers of chronicallystressed mice (Figure 1D). Still, serum transaminase levels (AST, ALT) did not significantly
differ between CSC und SHC mice and also histological analysis did not show any pathology
(data not shown). Together, these results indicated that chronic psychosocial stress caused
oxidative stress and an overall proinflammatory
millieu in the liver of CSC mice without however
causing notable hepatocellular injury.
Effect of chronic psychosocial stress on
development of non-alcoholic steatohepatitis
(NASH) in mice
Next, we analyzed the effect of chronic stress
on the development of non-alcoholic steatohepatitis (NASH) in mice. Here, we combined
CSC exposure with a NASH-inducing high-fat
diet (HFD). We and others have previously
shown that HFD feeding induces significant
hepatic steatosis and inflammation which
closely mimics the liver pathology observed in
NASH patients [24, 25, 39]. CSC did not affect
the increased weight gain during the 3-week
HFD feeding period (Figure 2A). Also, glucose,
triglyceride and adiponectin serum levels did
not significantly differ between HFD-fed CSC
and SHC mice (data not shown). Adiponectin is
an adipokine produced by adipose tissue, and
its expression has been shown to affect NASHdevelopment and progression [40]. Histological
analysis revealed similar hepatic steatosis and
inflammation in HFD-fed mice with and without
chronic stress exposure (Figure 2B). Still,
hepatic triglyceride levels were slightly lower in
CSC compared with SHC mice, both fed with
HFD, (Figure 2C), while hepatic cholesterol levels were similar in both groups (data not shown).
LDL serum levels did not significantly differ
between CSC and SHC mice fed with HFD
(Figure 2D).
Surprisingly, and different from mice fed with
standard chow (Figure 1C, 1D), expression of
MCP-1 and TNFα did not differ significantly
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Figure 2. Effect of chronic psychosocial stress on development of non-alcoholic steatohepatitis (NASH) in mice. A:
Body weight gain of mice exposed to 19 days of chronic subordinate colony housing (CSC; n=7) and single-housed
control (SHC; n=6) mice, both fed with a NASH-inducing high fat diet. B: Histological images of H&E stained livers of
CSC (I) and SHC (II) mice fed with a NASH-inducing diet showing similar mixed micro- and macro-vesicular steatosis.
Both groups showed similar hepatic infiltration with immune cells (black arrows; magnification 40x and 200x). C:
Hepatic triglyceride content of CSC and SHC mice fed with a NASH inducing diet. D: Serum LDL levels of CSC and
SHC mice fed with a NASH inducing diet.

between CSC and SHC mice fed with the NASH
inducing HFD (Figure 3A, 3B). Also, HMOX

1589

expression was similar in both groups (Figure
3C). In line with this, hepatic carnitine palmito-
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Figure 3. Effect of chronic stress in
combination with a NASH-inducing high
fat diet on hepatic pro-inflammatory
gene expression and injury in mice.
Expression of MCP-1 (A), TNFα (B) and
HMOX (C) mRNA in mice exposed to
19 days of chronic subordinate colony
housing (CSC; n=7) and single-housed
control (SHC; n=6) mice, both fed with
a NASH inducing diet. Serum levels of
aspartate transaminase AST (D) and
alanine transaminase ALT (E) in CSC
and SHC mice, both fed with a NASH
inducing diet. (*p<0.05 compared to
SHC).

yltransferase I (CPT-1) and peroxisomal acylcoenzyme A oxidase 1 (ACOX) expression did
not significantly differ between CSC and SHC
mice fed with HFD (data not shown). CPT1 is
associated with the outer mitochondrial membrane and mediates the transport of long-chain
fatty acids across the membrane by binding
them to carnitine. ACOX is the first enzyme of
the fatty acid beta-oxidation pathway. Both
enzymes have been shown to critically contribute to ROS formation in response to hepatocellular lipid accumulation [41, 42]. However, AST
and ALT serum levels were significantly lower in
CSC compared with SHC mice fed with the
same NASH-inducing high-fat diet (Figure 3D,
3E).
Discussion
Non-alcoholic fatty liver disease is mainly
caused by a sedentary, food-abundant lifestyle,
in Western countries often coinciding with high
levels of perceived life stress. Therefore, we
aimed to analyze the effect of chronic stress on
the development and progression of NAFLD.
Chronic subordinate colony (CSC) housing was
applied to induce chronic psychosocial stress
in mice. This model has been shown to be a
1590

validated paradigm relevant for human psychiatric and somatic disorders [15]. We and others
have previously found altered LDL serum levels
upon exposed to various stressors [43, 44] and
confirmed this finding also in this study (data
not shown). In contrast, we did not observe that
CSC exposure affects serum triglyceride levels.
However, we found decreased hepatic triglyceride levels in stressed mice, while hepatic cholesterol content was comparable to SHC mice.
So far, to our knowledge, alterations in hepatic
lipid content solely in response to chronic psychosocial stressor exposure have not been
described. Still, Fromenty and colleagues
showed reduced body weight gain and hepatic
triglycerides in mice after chronic alcohol consumption [45]. In contrast, aggravation of the
obese phenotype could be observed in rats
treated with a HFD in combination with a series
of different stressors [46], and Fu and colleagues obtained similar results in rats treated
with a HFD in combination with a chronic random electronic foot shock stress paradigm
[47]. In our study, we did not observe a significant effect of chronic stress, induced by 19
day-exposure to the CSC paradigm, on body
weight gain in HFD-fed mice. Also, hepatic triglyceride levels were only slightly reduced in
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CSC compared with SHC mice in the HFD-fed
group. Furthermore, serum levels of glucose,
triglycerides and lipoproteins were similar in
HFD-fed mice with and without stressor exposure. Similarly, Paternain et al. observed no significant effects of chronic stress on weight gain,
blood glucose concentrations and serum lipid
profile in rats fed with a so called cafeteria diet,
which was similar to our NASH inducing diet
[48]. In a study performed by Manting et al.
chronic stress accompanying HFD did not significantly affect hepatic triglyceride content in
rats [46]. Variant species, strains, and stress
models may be one reason that chronic stress
differently affected body weight, hepatic lipid
composition and serum lipid and lipoprotein
levels in these studies. Also, differences in the
exact composition of the high-fat diets, gender
and age may play a role. However, it appears
mostly consistent that chronic stress causes
higher circulating LDL levels under normal feeding conditions. In our study, this was accompanied by lower hepatic triglyceride levels while
these stress effects were less prominent or
totally absent upon feeding a HFD. Enhanced
LDL serum levels in CSC mice fed with standard
chow [26] might reflect an increased hepatic
LDL secretion due to a higher demand of nutrients or a reduced cellular calorie uptake upon
chronic stressor exposure. In contrast, a high
calorie diet may abolish these effects.
In addition to hepatic steatosis, NASH is characterized by hepatocellular injury and inflammation [21, 49]. Already under standard feeding conditions, CSC exposure induced the
expression of pro-inflammatory genes and
HMOX, indicative for increased levels of oxidative stress, in the liver of mice. Therefore, one
might have expected that additional feeding of
a HFD would have promoted the development
of NASH in this model. Surprisingly, the analyzed parameters of hepatic inflammation and
oxidative stress were similar in CSC and SHC
mice fed with NASH-inducing HFD. Even more
surprisingly, CSC mice revealed significantly
lower serum transaminase levels than SHC
mice fed with the same NASH inducing diet.
Together, these findings indicate that in our
experimental setting chronic psychosocial
stressor exposure ameliorates NASH-induced
hepatic injury. Noteworthy, this outcome
appears to be independent of a direct CSC
effect on hepatic steatosis and inflammation.
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Currently, we can only speculate on the molecular mechanisms by which this protective effect
is mediated. For instance, stress may positively
affect extrahepatic pathomechanism as visceral fat abundance or adipokine secretion which
are known to promote NASH pathology [1].
However, in our NASH-CSC study chronic stress
did not affect adiponectin serum levels or body
weight indicative for similar adipose tissue
composition. Further studies are necessary to
reveal how chronic stress ameliorated NASH
development in mice and to verify these factors
in patients. Potentially, these findings may lead
to novel prognostic parameters or therapeutic
targets for NAFLD progression.
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