
JPET #2006/100933 

 

ENHANCED XENOBIOTIC-INDUCED HEPATOTOXICITY AND 
KUPFFER CELL ACTIVATION BY RESTRAINT-INDUCED STRESS 

 
Sree D. Panuganti, Farah D. Khan and Craig K. Svensson 

Division of Pharmaceutics (SP, FDK, CKS), College of Pharmacy, The University of 
Iowa, Iowa City, IA and Department of Pharmaceutical Sciences (FDK, CKS), Wayne 

State University, Detroit, MI 
 
 

 
 

 JPET Fast Forward. Published on March 28, 2006 as DOI:10.1124/jpet.106.100933

 Copyright 2006 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2006 as DOI: 10.1124/jpet.106.100933

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #2006/100933 

 

 2

Running title: Liver injury and stress 
 
 
Corresponding author express delivery address and contact information:   
Craig K. Svensson, Pharm.D., Ph.D.; Division of Pharmaceutics, S213, College of 
Pharmacy, The University of Iowa, 115 S. Grand Avenue, Iowa City, City, IA  52242 
Tel. (319) 335-8823; Fax. (319) 335-9349 ; Email : craig-svensson@uiowa.edu 
 
 

 

Number of pages of text: 31 

Tables: 0 

Figures: 11 

Number of references: 40  

Number of words in abstract: 250 

Words in introduction: 482 

Words in discussion: 1499 

Abbreviations: ADR – adverse drug reaction; ALT - alanine aminotransferase; CCl4 – 

carbon tetrachloride; DTNB - 5,5-dithiobis (2-nitro benzoic acid); FI – fluorescent 

intensity; FITC - fluorescein isothiocyanate; GSH – reduced glutathione; GSSG –

glutathione disulfide; PI - propidium iodide; ROS - reactive oxygen species; TCA - 

trichloro acetic acid 

Recommended section assignment: toxicology 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2006 as DOI: 10.1124/jpet.106.100933

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #2006/100933 

 

 3

ABSTRACT 

We tested the hypothesis that environmental stress is a predisposing factor for liver 

injury by examining the effect of acute restraint on liver injury provoked by carbon 

tetrachloride (CCl4) and allyl alcohol. Mice were immobilized using Plexiglas restraint 

cages, producing a form of psychogenic stress, while other animals were allowed to 

roam free. Serum alanine aminotransferase (ALT) levels were elevated significantly in 

restrained animals after administration of varying doses of CCl4 or allyl alcohol that did 

not produce liver injury in unrestrained animals. This enhanced liver injury after CCl4 

was seen in both male and female mice. The duration of acute restraint was found to be 

important, as a period of 2.5 h of restraint enhanced hepatotoxicity, while shorter 

periods of restraint did not significantly increase liver injury. Serum corticosterone 

concentrations increased, while hepatic glutathione (GSH) content decreased, during 

and following acute restraint. In addition, delay in administration of CCl4 until 5 h after 

completion of restraint also produced an elevated level of liver injury compared to that 

seen in free roaming animals. Immunohistochemical examination of the livers showed 

significantly enhanced Kupffer cell activation in restrained mice compared to that of free 

roaming mice. These observations suggest that induction of psychogenic stress may 

increase the susceptibility to liver injury observed with classic hepatotoxicants and may 

represent an important predisposing factor to liver injury following xenobiotic exposure. 

The underlying mechanism appears to be increased macrophage activation in the liver, 

which may subsequently sensitize hepatocytes to xenobiotics and thus enhance 

hepatotoxicity. 
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Introduction 
 

  Adverse drug reactions (ADRs) have long been recognized as a major clinical 

problem causing significant morbidity and mortality. ADRs are reported to cause over 

100,000 deaths per year in the United States, making these adverse events the 4th to 6th 

leading cause of death (Lazarou et al., 1998). It has been estimated that the annual 

economic impact of these reactions ranges between $30 and $130 billion (Johnson and 

Bootman, 1995). The unpredictable and serious nature of these reactions makes ADRs 

a significant problem in clinical practice, public health and drug development.  

Of the various forms of ADRs, drug-induced hepatotoxicity is arguably the most 

serious in terms of magnitude of health and economic consequences, constituting a 

large percentage of these reactions. Drugs can induce a wide spectrum of liver injury, 

the most serious resulting in acute liver failure. Indeed, xenobiotic-induced liver injury is 

the primary cause of liver failure in the United States (Bissell et al., 2001) and is also the 

most common cause of drug withdrawal from the pharmaceutical market (Larrey and 

Pageaux, 2005).  

 Only a small fraction of subjects exposed to a xenobiotic associated with liver 

injury will develop hepatotoxicity, as the incidence of  hepatotoxicity ranges from 

1/10,000 to 1/100,000 for the majority of drugs (Larrey and Pageaux, 2005). Identified 

predisposing factors for drug-induced liver injury include age, sex, concomitant use of 

other drugs, and genetic polymorphisms in metabolic pathways involved in activation or 

disposition of drugs (Maddrey, 2005). However, our growing understanding of the multi-

factorial nature of disease suggests that transient phenomenon, such as environmental, 

dietary and phytochemical factors, concurrent with xenobiotic exposure may also play a 
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critical role in determining whether or not such a reaction is manifested. Thus, while 

genetics may predispose a subject to the development of hepatotoxicity, environmental 

factors may be the final determinant as to whether or not such a reaction is manifested 

in a particular patient. 

 One element that may serve as a predisposing factor to the development of 

xenobiotic toxicity is environmental stress. Recent studies have demonstrated that 

experimental stress (e.g., restraint, uncontrollable shock, noise) may be associated with 

a variety of alterations of the immune system in mice and rats (McEwen et al., 1997). 

These changes include altered leukocyte margination, macrophage activation, and 

cytokine secretion. Stress has also been shown to alter antitumor drug efficacy, wound 

healing, viral immunity, and cell-mediated immunity (Padgett et al., 1998; Sheridan, 

1998; Zorzet et al., 1998). Recognizing that growing evidence indicates an important 

role for an altered immune system and hypothalamic-pituitary-adrenal axis response in 

xenobiotic-induced toxicity (Roberts et al., 1995; Roth et all., 1997; Dhabhar et al., 

2000), we hypothesized that acute stress may also alter hepatotoxicity. In the studies 

described herein, we demonstrate that acute restraint is able to activate Kupffer cells 

and enhance the liver injury caused by two classic hepatotoxicants, carbon tetrachloride 

and allyl alcohol. 
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Materials and Methods 

Chemicals. Carbon tetrachloride (CCl4), allyl alcohol, normal saline, 5,5-dithiobis (2-

nitrobenzoic acid) (DTNB), reduced and oxidized glutathione (GSH and GSSG) were 

obtained from Sigma Chemicals (St Louis, MO). Corn oil was obtained from Kroger 

Foods. Monobasic and dibasic sodium phosphate and Triton-X-100 were obtained from 

Fisher Scientific (Fair Lawn, NJ). Bradford reagent was obtained from Pierce (Rockford, 

IL).  

Animals and Restraint. Male or female Balb/c mice were obtained at 6 weeks of age 

and allowed to acclimate for 7-10 days in our animal care facility. Throughout the 

experiments, animals were maintained on a 12-hr light/dark cycle under controlled 

temperature and humidity. Except during the period of acute restraint, animals were 

allowed access to food and water ad libitum. On the day of an experiment, animals were 

placed in Plexiglas restraint cages for varying periods of time or left to roam free in 

their home cages. The restraint cage was well ventilated and prevented animals from 

turning or ambulating, but did not squeeze the mice. At the beginning of the restraint 

period, food and water were removed from control and restrained animals. After 

restraint, mice were transferred to their home cages, while food and water were 

restored for both restrained and control groups. Both control and restrained mice were 

euthanized under CO2 narcosis either immediately after restraint or at specific time 

points after cessation of stress. Blood was collected either by decapitation or from the 

vena cava. Livers were removed and perfused using isotonic saline.  

For xenobiotic administration experiments, animals received CCl4, allyl alcohol, 

or vehicle (corn oil for CCl4 and saline for allyl alcohol) i.p. at the doses and time points 
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designated in the results section. The concentration of xenobiotic in vehicle was 

adjusted to permit the administration of ~0.2 mL of total volume per mouse. Doses of 

CCl4 administered are expressed as volume of CCl4/kg of body weight, while doses of 

allyl alcohol are expressed as mg/kg of xenobiotic administered. After xenobiotic 

administration, animals remained free roaming in their home cages until euthanized at 

the time designated for blood sampling. Sentinel mice (1-2) were maintained from each 

lot received and evaluated for viral or bacterial pathogens at 1 to 2 months after receipt. 

Liver injury assessment. Collected blood samples were allowed to clot on ice for 30 

min. Sera were isolated by centrifugation at 8000 rpm for 30 min. Isolated serum 

samples were assayed for ALT content using a commercially available colorimetric 

assay modified for 96-well plate analysis (Sigma Chemicals, St Louis, MO or Advanced 

Bio-screen, Fullerton, CA). 

Corticosterone determination. Corticosterone content in serum was determined using 

an enzyme immune assay (Assay Design, Ann Arbor, MI). Sample concentrations were 

quantified by comparison to a standard curve of known concentrations. All 

concentrations were determined in duplicate.  

Liver tissue processing. Perfused livers were blotted, weighed and homogenized 

using 1:10 w/v phosphate buffer (30 mM Na2HPO4, 30 mM NaH2PO4, 0.1 M NaCl and 

0.5% Triton-X-100, pH 7.4). Aliquots of homogenate were assayed for protein content 

by the Bradford assay. To the remaining homogenate, 10% TCA was added. Denatured 

proteins were pelleted by centrifugation at 5000 rpm for 5 min. Supernatants were 

frozen at -80ºC until analysis for GSH content.  
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Glutathione determination. Hepatic reduced GSH content was determined by a 

modified Ellman’s method. Supernatants obtained after denaturation of proteins were 

diluted 1:5 using phosphate buffer (0.25 mM NaH2PO4, 0.25mM Na2HPO4, pH 7.4). The 

reaction mixture for GSH determination contained 90 mM phosphate buffer, a series of 

standard GSH concentrations or samples and 0.15 mM DTNB in a total volume of 200 

µL. The reaction was initiated by the addition of DTNB and incubated at room 

temperature for 15 min. Increase in absorbance was measured at 405 nm using UV/VIS 

microtiter plate reader (Molecular Dynamics, Sunnyvale, CA). Corresponding sample 

concentrations were determined from a standard curve. GSH concentration was 

normalized to homogenate protein content. 

Immunohistochemistry. For immunohistochemical analysis, the perfused livers from 

restrained and free roaming mice were blotted and sectioned (3/4˝). These sections 

were snap frozen in liquid nitrogen using cryopreserving optimal cutting temperature 

(OCT) compound (Electron Microscopy Sciences, Hatfield, PA) and stored at -80ºC. 

Frozen livers were sectioned using a microtome cryostat into 12 µm sections and the 

slides were stored at -80ºC until further analysis. Immunohistological examination of 

liver sections to determine macrophage activation was performed by modifying the 

method described by Dambach et al. (Dambach et al., 2002).  The activation of Kupffer 

cells was determined by using rat anti-mouse macrosialin (CD68) antibody (Serotec, 

Raleigh, NC) and immunofluorescent confocal microscopy.  Frozen liver sections were 

fixed in acetone at 4°C for 10 min and then air dried. Blocking was performed using a 

5% normal rabbit serum /1% bovine serum albumin mixture for 20 min at room 

temperature. This was followed by second blocking step using avidin D for 15 min and 
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biotin for 15 min from Avidin/Biotin blocking kit (Vector Labs, Burlingame, CA). 

Following the blocking step, sections were incubated with rat anti-mouse CD68 primary 

antibody for macrosialin (1:100) for 1 hour at room temperature. After washing with 

PBS, the slides were incubated with biotinylated anti-rat IgG secondary antibody (1:200; 

Vector Labs) for 30 min at room temperature. The sections were washed 5 times with 

PBS, and incubated with fluorescein isothiocyanate (FITC)–labeled streptavidin (1:100; 

Vector Labs, emission λ-520nm) for 30 min followed by staining with propidium iodide 

(PI) (1:20; BD PharMingen, San Diego, CA, emission λ-615nm) for 5 min in the dark. 

Rat IgG was used as a negative control (Vector Labs). The stimulation and infiltration of 

Kupffer cells in restrained and free roaming mice were compared by measuring 

fluorescent intensity and counting the number of fluorescent cells in a selected field. 

Fluorescent intensity (FI) of FITC positive sections was determined using the Image J 

software, in which 2 slides from each liver and 3 fields from each slide were measured 

for FI (at 10x objective). The average FI for each liver was determined as the average of 

all 6 measurements (2 slides x 3 fields) and the mean (SD) determined for each group 

of animals using the mean value from these samples for each mouse liver. The number 

of fluorescent cells was determined in each slide by counting the cells that were both 

positive for PI and CD68 (nucleus in the center surrounded by a fluorescent ring). 

Statistical Analysis. Results are presented as mean ± SD. Comparison of serum 

coticosterone, hepatic GSH content, and semiquantitation of immunofluorescent 

confocal microscopy images (FI) were performed using student t-test and cell counts 

were compared using Mann-Whitney Rank-Sum test. As serum ALT content was not 

found to be normally distributed, differences between restrained and non-restrained 
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groups was compared using the Mann-Whitney Rank-Sum test, where p<0.05 was 

considered significant. Comparisons of ALT values in multiples groups was performed 

using the Kruskal-Wallis Statistic (for multiple groups), followed by Dunnett’s method for 

comparison between groups 
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Results 

Effect of restraint on CCl4 induced liver injury. Restraint resulted in no visible effects 

on animals once released from restraining cages. The behavior and appearance of mice 

that had been restrained did not differ from those that remained free roaming in terms of 

grooming, appearance of fur, and social interactions with cage mates. The body weight 

of restrained and non-restrained animals that received vehicle only did not differ 24 h 

after restraint. No quantifiable behavioral assessments were performed on the groups.  

Varying doses of CCl4, ranging from 1 µL/kg to 100 µL/kg, were administered to 

free roaming male mice or mice that had been restrained for 2.5 h prior to CCl4 

administration. In free roaming mice, liver injury was only observed after a dose of 100 

µL/kg (Fig. 1).  In contrast, in mice who were restrained prior to CCl4 administration the 

threshold dose for liver injury was reduced, such that liver injury was evident after a 

dose of either 10 or 100 µL/kg (Fig. 1). The mean serum ALT in mice receiving 10 µL/kg 

after restraint was ~30 times that seen in mice receiving the same dose but without prior 

restraint. The magnitude of liver injury in restrained mice receiving a dose of 100 µL/kg 

did not differ significantly from mice receiving the same dose without prior restraint.  

Assessment of the effect of duration of restraint on CCl4-induced liver injury, with 

xenobiotic administration immediately after the period of restraint, revealed that the 

enhancement of CCl4-induced liver injury was dependent upon the duration of restraint 

(Fig. 2). Restraint for periods of 0.5 or 1.5 h did not significantly enhance the liver injury 

observed, while animals restrained for 2.5 h exhibited a significant increase in liver 

injury. Hence, this duration of restraint was utilized in subsequent experiments. 
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Acute restraint was also found to increase the liver injury in female mice 

administered CCl4, though at different doses (Fig. 3). Liver injury secondary to CCl4 

occurred at lower doses compared to male mice. While doses of 10 and 20 µL/kg 

resulted in significant liver injury in female mice, acute restraint did not enhance the 

level of liver injury. In contrast, a dose of 5 µL/kg had a minimal effect on ALT levels in 

free roaming animals. Female mice that received a dose of 5 µL/kg CCl4 after 2.5 h of 

restraint exhibited a significantly higher ALT level. 

Effect of restraint on allyl alcohol induced liver injury. To determine whether or not 

the liver injury enhancing effect of acute restraint occurs with other xenobiotics, we 

examined the ability of acute restraint to enhance liver injury after administration of allyl 

alcohol. After a 90 mg/kg dose of allyl alcohol, both restrained and free roaming male 

mice exhibited significant liver injury (Fig. 4). However, while a dose of 30 mg/kg did not 

induce liver injury in free roaming mice, restraint prior to administration of this dose did 

result in significant liver injury. Interestingly, vehicle treated mice that were restrained 

exhibited a statistically significant elevation in ALT. The absolute increase in ALT 

content, however, was less than the 3-fold increase commonly used to designate 

hepatotoxicity in clinical studies. An increase in vehicle treated animals that were 

restrained has not been reproduced in subsequent studies. Hence, we do not believe 

this observation is of biological significance. 

Time course changes of serum corticosterone.   The serum concentration of the 

primary stress hormone, corticosterone, was measured at various time points during 

and after acute restraint stress in male mice (in the absence of xenobiotic 

administration). As expected, serum corticosterone concentrations increased 
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substantially in animals undergoing acute restraint (Fig. 5). Corticosterone 

concentrations were elevated significantly at the first time point examined (0.5 h) in 

restrained mice (0.20 ± 0.03 µg/mL versus 0.06 ± 0.03 µg/mL in restrained and free 

roaming mice, respectively, p<0.05). Corticosterone concentration continued to increase 

for the first 2 h of restraint. By 2.5 h, corticosterone concentration started to decrease, 

but remained elevated above that seen in free roaming animals (0.34 ± 0.01 in 

restrained and 0.08 ± 0.02 in free roaming mice, respectively, p<0.05). Significant 

differences between corticosterone concentrations in the restraint group and those of 

control group were also observed at 5 h after cessation of stress. These differences 

were not observed at other time points after cessation of stress. 

Time course changes in hepatic reduced glutathione (GSH). Similar to serum 

corticosterone levels, hepatic GSH content also showed significant differences during 

and after restraint stress in male mice (Fig. 6).  Circadian variations in hepatic GSH 

were observed in free roaming animals. However, restrained animals exhibited 

significantly lower GSH concentrations after 2.5 h of restraint compared to the free 

roaming group (40 µM/mg protein versus 52 µM/mg protein, p<0.05). The lowest GSH 

content was observed 5 h after cessation of stress in the restrained group (33 µM/mg 

protein), which was significantly lower than the free roaming group (58 µM/mg protein) 

at this same time point (p<0.05). A repeat experiment performed to confirm this 

reduction in GSH content at 5 h after restraint yielded nearly identical results (data not 

shown). Interestingly, hepatic GSH content in restrained animals remained lower than 

that seen in free roaming animals at 24 and 48 h after cessation of stress.  
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Prolonged effect of restraint on CCl4 induced liver injury. The observation that 

hepatic GSH content was most significantly reduced at 5 h after (2:30 pm) acute 

restraint stress suggested that the liver-injury enhancement seen after stress may occur 

even when xenobiotic administration is delayed. Hence, we sought to determine if 

withholding xenobiotic administration until 5 h after restraint results in an enhanced liver 

injury. Since CCl4-induced liver injury exhibits a circadian variation, we first determined 

the hepatotoxic dose of CCl4 at this time point in the day.  Doses of 2.5, 5 and 7.5 µL/kg 

CCl4 in free roaming male mice were found to induce liver injury (Fig. 7), exhibiting a 

clear dose-dependent effect on serum ALT content. The magnitude of liver injury 

induced by a dose of 2.5 µL/kg is less than the 3-fold increase commonly used to define 

liver injury in clinical studies. Hence, a dose of 2.5 µL/kg CCl4 was administered to 

determine the effect of delayed xenobiotic administration on restraint-induced 

enhancement of liver injury caused by CCl4. In free roaming mice, ALT levels 24 h after 

CCl4 increased above vehicle treated animals approximately 2.3 fold, whereas the 

increase in restrained mice administered CCl4 was 3.7 fold (Fig. 8). The serum ALT 

content in restrained mice treated with CCl4 was significantly higher than that seen in 

animals receiving the same dose but remaining free roaming. 

Effect of restraint on hepatic Kupffer cell activation. To determine whether acute 

restraint stress enhancement of hepatic injury is mediated by inflammatory responses in 

the liver, we examined variations in hepatic Kupffer cell population/activation in liver 

sections from free roaming and restrained mice receiving no xenobiotic treatment by 

probing for CD68+ cells. Typical confocal microscopic images (10X objective) of liver 

slices from restrained and free roaming mice illustrate the enhanced Kupffer cell 
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activation that was observed with 2.5 h of restraint (Fig. 9). Visual examination of each 

field suggested that the number of CD68+ cells was increased after acute restraint. 

Liver sections from free roaming mice showed few CD68+ cells, while CD68+ cells were 

fairly abundant in slices from restrained mice. We utilized a semi-quantitative approach 

employing the Image J software to determine FI over the entire field, which revealed 

that the FI in liver sections stained for CD68 from restrained mice was increased (Fig. 

10, p<0.05).  The number of CD68+ cells was also significantly higher in liver sections 

from restrained mice (Fig. 10, p<0.05).  
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Discussion 

 The stress response is an important element in adaptation to environmental 

changes (McEwen, 1997), but provokes a variety of physiological and biochemical 

changes that may alter the response of the body to xenobiotics. For example, Dhabhar 

and McEwen (Dhabhar et al., 2000) have demonstrated that acute stress, in the form of 

physical restraint, enhances the delayed-type-hypersensitivity response observed with 

2,4-dinitro-1-fluorobenzene; an observation that has been confirmed by others 

(Kawaguchi et al., 1997; Dhabhar, 2003). These and other data indicate that 

psychogenic stress may predispose subjects to ADRs.  

 We hypothesize that such stress may predispose subjects to xenobiotic-induced 

hepatotoxicity, one of the most common and serious ADRs. There are limited data that 

suggest altered susceptibility to hepatotoxicants may be a global response to 

environmental stressors. Wei et al (Wei et al., 1971) found that exposure of animals to 

cold environments (4ºC) enhanced liver injury induced by CCl4. However, this 

observation was made in animals that were also placed into some sort of restraint for an 

undefined period of time. The period of exposure to cold (18 h) was also of a length that 

adaptation may have occurred. In addition, though there was a significant difference in 

the level of liver enzymes in animals receiving CCl4 upon exposure to a cold 

environment, there was less than a two-fold increase in the liver enzymes; which is 

below the magnitude generally used to designate hepatotoxicity. Thus, these 

investigators failed to demonstrate hepatotoxicity under the conditions examined. More 

significant evidence was provided by Iwai et al (Iwai et al., 1986) who observed that 
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footshock stress given for 6 h after CCl4 administration enhanced liver injury seen with 

this hepatotoxicant.  

In the present study, we show that prior acute restraint stress increases the liver 

injury by CCl4 or allyl alcohol administration in a dose- and time-dependent manner. As 

illustrated in Fig. 1, 3 and 4, the effect of acute restraint was most apparent when a 

near-hepatotoxic dose was administered. That is, acute restraint was sufficient to 

provoke detectable liver injury at a dose of toxicant that did not result in detectable liver 

injury in free roaming animals. At higher doses of hepatotoxicants, the magnitude of 

liver injury in restrained mice was not significantly greater than in free roaming animals. 

Moreover, short periods of restraint were not sufficient to enhance the hepatotoxic effect 

of CCl4 (Fig. 2). This latter observation suggests that the short period of restraint often 

necessary for xenobiotic administration should not significantly alter the magnitude of 

liver injury.  

Our studies confirmed the anticipated stress response in animals acutely 

restrainted, resulting in an elevated serum corticosterone level (Fig. 5). The decrease in 

corticosterone concentration observed in the last 30 min of restraint suggests that some 

form of adaptation had begun to reduce the stress response in these animals prior to 

completion of the period of restraint. We also demonstrated that hepatic levels of the 

critical antioxidant, GSH, were reduced in response to stress (Fig. 6). Importantly, the 

maximal decrease in GSH content was observed 5 h after completion of the restraint 

period and remained below that seen in non-restrained animals for up to 48 h after 

restraint. This suggests that susceptibility to liver injury may be increased well beyond 

the period of restraint.   
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The mechanism for the reduction in hepatic GSH content is unclear. Previous 

studies have shown that increased glucocorticoid levels stimulate lipid peroxidation. 

Thus, glucocorticoids have been associated with oxidative damage as a result of ROS 

generation (Sahin and Gumuslu, 2004). Simmons et al (Simmons et al., 1990) 

demonstrated alterations in GSH content in various organs of mice exposed to cold 

stress. It has also been shown that increased lipid peroxidation and oxidative stress 

result in reduction of GSH content in many tissues including liver (Seckin et al., 1997; 

Schmidt et al., 2002). However, preliminary studies in our lab have not found an effect 

of restraint-induced stress on erythrocyte or renal GSH content (Panuganti S and 

Svensson CK, unpublished results).  

Having observed that GSH content differed most markedly between restrained 

and free roaming animals 5 h after restraint was completed, it was of interest to 

determine if susceptibility to liver injury was still increased when xenobiotic was 

administered this long after restraint. Such an assessment must account for the 

reported circadian variation in CCl4-induced liver injury (Bruckner et al., 2002; 

Skrzypinska-Gawrysiak et al., 2000). Hence, we first performed a dose-ranging study to 

identify the near hepatotoxic dose of CCl4 administered at this time in the circadian 

cycle (Fig. 7). Using this modified dose, we found that the increased susceptibility to 

liver injury in restrained animals occurs even when xenobiotic is administered 5 h after 

restraint (Fig. 8). This suggests that the altered susceptibility is sustained for a 

significant period of time after acute stress. Further studies are needed to determine the 

full duration of this effect and whether or not shorter periods of stress may perhaps 
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induce a susceptibility that is not apparent unless there is a lag between the period of 

restraint and the administration of a hepatotoxicant. 

 Figure 11 illustrates our working hypothesis for the mechanism by which acute 

restraint enhances xenobiotic hepatotoxicity. When exposed to a stressor, perception of 

the stress is a key determinant in the biological response to the environmental stress 

(McEwen, 1997) . This perception may be psychological in origin (as in psychogenic 

stress) or arise from biological mediators released by metabolic, pathologic, or traumatic 

insult (as seen with an infection or penetrating injury). Response to environmental 

stress often results in stimulation of the hypothalamic-pituitary-adrenal axis. This 

stimulation will result in a variety of physiological responses through the release of 

hypothalamic- and pituitary- derived hormones. A key component in this response is the 

release of adrenocorticotropin releasing hormone (ACTH), which results in adrenal 

stimulation. Upon adrenal stimulation, we propose three pathways by which acute 

stress may sensitize hepatocytes to hepatotoxicants. 

 Several studies have demonstrated that acute restraint or other forms of stress 

enhance intestinal permeability in rats (Saunders et al., 1997; Meddings and Swain, 

2000); which result in an increase in the passage of gut-derived endotoxin. Acute 

exercise has also been shown to increase intestinal permeability in normal human 

subjects (Pals et al., 1997; Lambert et al., 1999). Importantly, experimental models have 

shown that adrenalectomy or administration of the glucocorticoid antagonist RU-486 

prevents the stress-induced increase in intestinal permeability (Meddings and Swain, 

2000). In a related observation, it was reported that repeated environmental stress 

results in a cross-tolerance to the lethal effects of endotoxin in rats (Kawabata et al., 
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1998); which provides evidence that stress may result in the systemic exposure to 

endotoxin or common mediators. These observations are significant in light of the well-

demonstrated role of intestinal-derived endotoxin in chemical-induced hepatotoxicity 

(Nolan and Camara, 1989; Roth et al., 1997). Thus, increased intestinal permeability 

towards endotoxin may readily result in a predisposition towards liver injury from a 

variety of xenobiotics. 

           Another response that may occur upon adrenal stimulation is the release of 

cytokines into the systemic circulation. Conti et al (Conti et al., 1997) have 

demonstrated that acute cold stress induced interleukin-18 (also known as interferon-γ 

inducing factor, IGIF) gene expression in rat adrenal cortex. The enhanced cutaneous 

hypersensitivity observed in mice after acute restraint stress is dependent upon 

interferon-γ (Dhabhar et al., 2000), providing further evidence that psychogenic stress 

may result in the release of immunomodulatory cytokines. Previous studies have also 

shown that different forms of stress are able to produce inflammatory responses in 

different organs such as the brain (Reyes and Coe, 1997; Black, 2002) and the spleen 

(Cao et al., 2003). A third event following acute stress is adrenergic stimulation. 

Numerous studies have demonstrated that α- and β-adrenergic agents may potentiate 

the liver injury observed after administration of CCl4, acetaminophen, and 

methamphetamine (James et al., 1993; Roberts et al., 1995). Any or all of these events 

may result in an increased sensitivity to hepatotoxic agents.  

A common link between these three events is the activation of Kupffer cells, the 

fixed macrophages in the liver. Numerous studies have demonstrated the importance of 

soluble mediators from Kupffer cells in sensitizing the liver towards hepatotoxic 
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xenobiotics (Yee et al., 2003; Morio et al., 2001; Laskin et al., 1995). Our novel 

observation that acute restraint results in Kupffer cell activation provides important 

support for this element of the hypothesis (Fig. 9 & 10).  

Another possibility that may occur following adrenal stimulation is the elevation of 

lipid peroxidation and successive reactive oxygen species (ROS) generation in many 

tissues. Several studies, including our current research, show that there is a reduction in 

GSH content in some tissues, particularly in the liver, as a consequence of psychogenic 

stress (Simmons et al., 1990; Schmidt et al., 2002). Importantly, in addition to producing 

cytokines, activated Kupffer cells are a major source of ROS in the liver (Vrba and 

Modriansky, 2002). It has been proposed that activation of Kupffer cells results in the 

generation of superoxide and TNF-α, both of which can lead to tissue damage in the 

liver (Wheeler, 2003).  Our observations raise the possibility that the enhanced 

xenobiotic-induced hepatotoxicity following acute psychogenic stress is be due to 

activation of macrophages in the liver, which sensitize the surrounding hepatocytes 

either by generating ROS (thereby consuming and depleting hepatic GSH) or by 

releasing inflammatory cytokines.  

 Our studies have demonstrated that environmental stress may represent an 

important determinant in the development of liver injury after administration of 

potentially hepatotoxic xenobiotics and that activation of Kupffer cells in the liver may 

mediate this enhanced susceptibility. As psychogenic stress is one of, if not the most, 

common forms of environmental stress, it will be important to further assess the role of 

such stress as a predisposing factor for ADRs. Understanding the mechanism by which 
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stress increases susceptibility to liver injury will be important for identifying biomarkers 

that may indicate times at which patients are at increased risk for such reactions. 
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LEGENDS FOR FIGURES 

Figure 1. Effect of acute restraint on carbon tetrachloride (CCl4)-induced liver 

injury in male mice. Animals with or without acute restraint (2.5 h) received a single i.p. 

dose of CCl4 and blood samples were obtained 24 h after CCl4 or vehicle (n = 4-5). 

Restraint was initiated in all animals between 6:25 and 6:35 am, with completion of 

restraint at between 8:55 and 9:05 am. *p <0.05, Mann-Whitney Rank Sum test, 

compared to unrestrained animals receiving the same dose of CCl4. 

 
Figure 2. Effect of various durations of acute restraint on carbon tetrachloride 

(CCl4)-induced liver injury in male mice. Animals were placed in Plexiglas restraint 

cages for 0, 0.5, 1.5 or 2.5 h prior to receiving a single i.p. dose of 10 µL/kg CCl4. CCl4 

was administered at 9:00 am for all groups, with the initiation of restraint staggered for 

the different groups to permit an endpoint of 9:00 am for restraint. Blood samples were 

obtained 24 h after CCl4 (n = 4-5).  *p <0.05, Mann-Whitney Rank Sum test, compared 

to unrestrained animals receiving the same dose of CCl4. 

 
Figure 3. Effect of acute restraint on carbon tetrachloride (CCl4)-induced liver 

injury in female mice. Animals with or without acute restraint (2.5 h) received a single 

i.p. dose of CCl4 immediately after restraint and blood samples were obtained 24 h after 

CCl4 (n = 5-7).  Restraint was initiated in all animals between 6:25 and 6:35 am, with 

completion of restraint at between 8:55 and 9:05 am. *p <0.05, Mann-Whitney Rank 

Sum test, compared to unrestrained animals receiving the same dose of CCl4. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 28, 2006 as DOI: 10.1124/jpet.106.100933

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #2006/100933 

 

 30

Figure 4. Effect of acute restraint on allyl alcohol-induced liver injury in male mice. 

Animals with or without acute restraint (2.5 h) received a single i.p. dose of allyl alcohol 

and blood samples were obtained 6 hr after allyl alcohol (n = 4). Restraint was initiated 

in all animals between 6:25 and 6:35 am, with completion of restraint at between 8:55 

and 9:05 am. *p <0.05, Mann-Whitney Rank Sum test, compared to unrestrained 

animals receiving the same dose of CCl4. 

 
Figure 5. Effect of acute restraint on serum corticosterone concentrations in male 

mice. Mice were euthanized at various time points during or after restraint (n=5 at each 

time point). Animals were restrained for up to 2.5 h or left free roaming. Restraint was 

begun at ~7:00 am and the first set of animals sampled 0.5 h later. Insert represents a 

magnification of the first 3.5 h of the study. *p <0.05, Student t-test, compared to 

unrestrained animals 

 
Figure 6. Effect of acute restraint on hepatic glutathione content in the mouse. 

Mice were euthanized at various time points during or after restraint (n=5 at each time 

point). Animals were restrained for 2.5 h or left free roaming. Restraint was begun at 

~7:00 am and the first set of animals sampled 0.5 h later. Insert represents a 

magnification of the first 3.5 h of the study. *p <0.05, Student t-test, compared to 

unrestrained animals 
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Figure 7. Serum ALT levels after administration of different doses of CCl4 in male 

mice. Free roaming male mice received a single i.p. dose of CCl4 2:30 pm (the time 

point where lowest hepatic GSH was observed in restrained mice) and blood samples 

obtained 24 h after CCl4 (n = 3-5). *p<0.05, One way ANOVA and Holm-Sidak method, 

compared to control animals receiving vehicle... 

 
Figure 8. Serum ALT levels after administration of 2.5 µL/kg of CCl4 in male mice 

with and without restraint. Free roaming and restrained (2.5 h) male mice received a 

single i.p. dose of CCl4 (2.5µL/kg) at 5hr after cessation of restraint and blood samples 

were obtained 24 h after CCl4 (n = 3-5). Control animals were free roaming mice that 

received vehicle (corn oil) only. *p < 0.05, One way ANOVA, and Holm-Sidak method, 

compared to control animals receiving vehicle. **p <0.05, One way ANOVA and Holm-

Sidak method, compared to free roaming animals receiving same dose of CCl4 or 

vehicle. 

 
Figure 9. Effect of acute restraint on CD68+ cells in liver sections from restrained 

and free roaming male mice. Animals were euthanized immediately after restraint (2.5 

h duration) or at the same time (if free roaming) and livers removed, snap frozen and 

sectioned. Sections were stained with fluorescein isothiocyante labeled anti-CD68 

antibody and propidium iodide (PI) as described in Materials and Methods. Micrographs 

shown (10x) are representative of liver sections from restrained (A & B) and free 

roaming (C & D) animals. Micrographs shown as CD68+ cells only (A & C) or merged 

images of the same section showing both PI positive and CD68+ cells (B & D). 
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Figure 10. Assessment of Kupffer cell activation in liver sections from mice. The 

fluorescent intensity and the number of fluorescent cells were measured from confocal 

images (40x objective) of restrained and free roaming mice liver sections (n = 6). 

*p<0.001, Mann-Whitney Rank Sum Test, compared with free roaming mice. 

 
Figure 11. Working hypothesis for the mechanism of restraint-induced 
enhancement of xenobiotic hepatotoxicity. 
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