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Abstract

Background: Previous studies have shown that social isolation stress (SIS) could asso-

ciate with several systemic diseases; however, the role of SIS on liver dysfunction has

yet to be established. This study aimed to investigate the effect of SIS on liver function

and possible drug toxicity through liver inflammation and oxidative stress.

Methods: MaleNavalMedical Research Institutemice in two groups of SIS and control

were treated with typical anti-depressant and anxiolytic agents including fluoxetine,

norfluoxetine, desipramine, and imipramine in both groups. Then blood concentrations

(or their activemetabolites) of these drugswere assessed. Liver function test, including

aspartate transaminase (AST), alanine aminotransferase (ALT), total bilirubin, and con-

jugated bilirubin), oxidative activity, inflammatory cytokines, and the gene expression

of cytochrome P450 enzymes were assessed.

Results:We observed that the liver enzymes including AST andALTwas slightly higher

in SIS animals. The blood concentrations of fluoxetine, norfluoxetine, desipramine, and

imipramine were significantly higher in SIS animals. The gene expression of CYP1A2,

CYP2A6, CYP2C9, CYP2C29, and CYP2Dwere significantly decreased in SIS animals.

Our results showed that SIS animals had significantly higher level of tumor necrosis

factor-α, interleukin-1β, and interleukin-6. SIS could significantly decrease the activity
of antioxidant agent (Glutathione).

Conclusion:We hypothesized that SIS could induce liver dysfunction and decrease the

rate of drug clearance through liver inflammation and oxidative stress; therefore, the

blood concentration of anti-depressant/anxiolytic agents should closely monitor in SIS

due to the high toxicity of these agents.

KEYWORDS

inflammation, liver, oxidative stress, social isolation stress

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Brain and Behavior published byWiley Periodicals LLC

Brain Behav. 2021;11:e2317. wileyonlinelibrary.com/journal/brb3 1 of 9

https://doi.org/10.1002/brb3.2317

https://orcid.org/0000-0002-1426-626X
https://orcid.org/0000-0003-1233-1141
https://orcid.org/0000-0001-6626-498X
mailto:avid_farhang@tums.sina.ac.ir
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/brb3
https://doi.org/10.1002/brb3.2317


2 of 9 ZAHIR ET AL.

1 INTRODUCTION

Chronic exposure to social and psychological stress has been postu-

lated as a detrimental factor for health and consequently associated

to lifestyle-related diseases such as hyperglycemia, hyperinsulinemia,

obesity, cardiovascular disease, and cancer(Ader & Cohen, 1993,

McEwen & Stellar, 1993, Raikkonen et al., 1996, Chrousos & Gold,

1998, Chandola et al., 2006, Brunner et al., 2007, Danese et al., 2009).

Accordingly, it has been shown that social isolation stress (SIS), as

a valid paradigm of depression, anxiety, and memory impairment,

is strongly associated with increased prevalence of cardiovascular

diseases, colon cancer, and liver cancer. (Grant et al., 2009, Wu et al.,

2000, Wu et al., 2000). Although the devastating effects of SIS on

many organ systems have been thoroughly investigated, the effect of

SIS on liver dysfunction and the possible underlying mechanism is not

investigated yet.

For many years, it was believed that stress is responsible for dimin-

ished hepatic perfusion through activation of vasospasm mechanisms

and it was postulated that the subsequent centrilobular hypoxia would

lead to liver damage (Hirose et al., 1961, Kaplan & Wheeler, 1983).

With further understandingof stressmediators in the last twodecades,

studies investigating the role of stress on the emergence andexpansion

of liver injury during acute and chronic hepatic diseases have reached a

newperspective (Swain, 2000,Chidaet al., 2006). Psychosocial stress is

assumed to deteriorate prior hepatic inflammation by over-activation

Hypothalamic-pituitary-adrenal (HPA) axis and directly inducing the

release of pro-inflammatory cytokines such as interleukin-6 (IL-6) and

tumor necrosis factor-α (TNF-α) (Swain, 2000, Tjandra et al., 2000).

In addition, escalated oxidative markers and compromised hepatic

antioxidant defense system has been observed as an inevitable out-

come of established chronic stress (Madrigal et al., 2001, Kaushik &

Kaur, 2003, Djordjevic et al., 2011). Despite the ample research done

to discover the pathophysiology of liver dysfunction in SIS, the proba-

bility of drug toxicities as an outcome of hepatic inflammation and dys-

function has not been evaluated.

Drug toxicity can have catastrophic consequences, such as critical

organ failures (Pereira et al., 2011, Huh et al., 2012), and death; in the

case of antidepressant drugs, this dilemma is signified due to their nar-

row therapeutic window and severe cardiotoxic and neurotoxic side

effects in overdose (Grundemar et al., 1997). The key enzyme in their

metabolism is cytochrome P450 (CYP450) (Xu et al., 2016, Westphal

& Brogard, 1997). According to the above-mentioned evidence, any

decline in liver function can cause increased serum levels of thesedrugs

and subsequent to overdose or toxicity. Furthermore, it has been well-

known that some of these drugs might induce hepatotoxicity directly,

such as the selective serotonin reuptake inhibitor, fluoxetine (Capella

et al., 1999, Friedenberg&Rothstein, 1996). This combinedmechanism

of direct toxicity and lowered excretion can dramatically increase the

risk of overdose and toxicity.

Djordjevici et al. showed that chronic stress might result in high

oxidative stress level in liver tissue, and it could be hypothesized that

imbalance in oxidative stress might result in liver inflammation and

dysfunction (Djordjevic et al., 2010). The main purpose of this study

was to evaluate the effects of SIS on hepatic inflammation and dys-

function and possible consequence of drug toxicity due to liver failure

in animal model. We quantified the serum levels of various antidepres-

sant drugs to estimate the rate of their activation and elimination. In

this regard, we used fluoxetine hydrochloride, imipramine hydrochlo-

ride, and duloxetine hydrochloride to evaluate the drug toxicity in

SIS, due to high metabolization rate by different CYP450 subtypes

and also close bioavailability (Wyska, 2019); also, based on previously

published reports, these medications are the most prescribed drugs

in United State in the clinical settings of depression and anxiety (Chen

et al., 2008). In order to evaluate the extent of hepatic inflammation,

wemeasured the serum levels of alanine transaminase (ALT), aspartate

transaminase (AST), alkaline phosphatase (ALP), and bilirubin. We also

measured serum levels of interleukin-1 (IL-1), interleukin-6 (IL-6), TNF-

α, and the gene expression of CYP450 in order to detect the extent of

inflammation and the hepatic enzymatic capacity, respectively.

2 MATERIAL AND METHODS

2.1 Animals and housing conditions

Total of 30 male Naval Medical Research Institute mice aged 21–25

days and weighing 10–12 g were used in this study. Animals were

housed in two different conditions including social condition (SC,

n= 10) and isolated condition (IC, n= 20). All animals were kept under

standard laboratory conditions i.e. temperature: 22 ± 2◦C, humidity:

50 ± 10%, 12-h light-dark cycle, and ad-libitum access to food and

water for a period of 5 weeks. Socially conditioned mice were placed

in Plexiglas boxes (25 cm × 25 cm × 15 cm) (6 mice per cage) and IC

animals were placed individually in Plexiglas boxes (24 cm × 17 cm ×

12 cm) (Haj-Mirzaian et al., 2017, Haj-Mirzaian et al., 2020). In order

to diminish handling and social interaction cages of IC animals were

cleaned weekly by the same experimenter. All behavioral tasks were

carried out between 10:00 a.m. and 2:00 p.m.

2.2 Drugs and chemicals

Fluoxetine hydrochloride, Imipramine hydrochloride, and Dulox-

etine hydrochloride were obtained from Sigma-Aldrich (US).

Tris-hydroxymethyl aminomethane, 2-thiobarbituric acid, 5, 5-

dithio nitrobenzoic acid (DTNB), and trichloroacetic acid (TCA)

were purchased from Sigma-Aldrich (US). Pyridoxine hydrochlo-

ride, 2-pyrrolidone-5-carboxylic acid, N-acetyl cysteine, 1, 1-3,

3-tetramethoxypropane, and glutathione (GSH) powder were pur-

chased from Sigma-Aldrich (USA). The kits for liver biochemistry

assay (ALT, AST, alkaline phosphatase (ALP), and total bilirubin) were

obtained from Sigma-Aldrich (US).
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2.3 Sample acquisition and preparation

Blood was drawn by tail vein and added to sterile tubes allowed to clot

then centrifuged at 3000 rpm for 10 min to obtain serum. Serum AST,

ALT, ALP levels, and total bilirubinweremeasured and the results were

expressed in U/L (total bilirubin was expressed as g/L). After collecting

blood samples, the liver of mice carefully separated and washed with

ice-cooled saline. All sections of eachmouse liver were frozen immedi-

ately in liquid nitrogen and then stored at−80◦C.

2.4 Experimental design

Both socially isolated and normal mice were randomly divided into

four groups of at least six animals. The treatment groups were as

follow: the first group received oral normal saline (5 ml/kg) through

a gastric tube. The second group received a single oral fluoxetine

(15 mg/kg diluted in water), the third group received imipramine (20

mg/kg diluted in water), and fourth groups received a single oral dose

of duloxetine (10mg/kg diluted in water). All doses were chosen based

on previous studies; and it has been shown that all of these antidepres-

santswere effective in SIS (fluoxetine (Friedenberg&Rothstein, 1996),

imipramine (Ramirez et al., 2015), and duloxetine (Xu et al., 2016)).

Blood sampleswere collected 0.5, 1, 2, 5, 10, 24, 36, and 48 h after drug

administration in each animal (the time interval was chosen based on

previously published manuscript (Sager et al., 2014, Baœ et al., 2004)).

In addition, collected blood samples in saline-treated animals were

considered as normal group and was sent for biochemistry analysis of

ALT, AST, and ALP. Also, saline-treated animals were sacrificed at the

end of the experimental tasks and liver tissue resected and stored in

−80◦C for further analysis.

2.5 Pharmacokinetic study

Heparinized blood samples were collected by means of a butterfly

catheter before and at the following times post-administration: 0.5, 1,

2, 5, 10, 24, 36, and 48 h in both socially isolation and normal animals

(the time intervals were chosen based on previous studies and also the

drugs’ characteristics) (Sager et al., 2014, Baœ et al., 2004). After cen-

trifugation (1500 g, 10 min, 4◦C), the supernatant was separated and

used for further analysis. The separated plasma was stored at −20◦C

until the assay. Standard breakfast, lunch, and dinner were allowed,

respectively, 2, 5, and 8 h after drug intake.

Fluoxetine and norfluoxetine, duloxetine, imipramine, and

desipramine plasma levels were determined using a validated

high-performance liquid chromatography method after a solid phase

extraction procedure. The limit of quantification was equal to 0.625

ng/ml and the linearity was achieved between 0.625 and 20 ng/ml for

fluoxetine and norfluoxetine.

TABLE 1 Sequences of primers used for quantitative RT-PCR on
mice

Gene name Primers (forward and reverse 5’ to 3’)

CYP1A2 F: 5’-AGTACATCTCCTTAGCCCCAG-3’

R: 5’-GGTCCGGGTGGATTCTTCAG-3’

CYP2A6 F: 5’-GTGGTCCTGGAGGCATTCAA-3’

R: 5’-CAGTACTGGGTAAGACCACTGA-3’

CYP2C9 F: 5’-TTCTAGGTGTGTTTCTGGGGC-3’

R: 5’-AACACCACAGCAGGATTCCTCA-3’

CYP2C29 F: 5’-ATCTGGTCGTGTTCCTAGCG-3’

R: 5’-AGTAGGCTTTGAGCCCAAATAC-3’

CYP2D F: 5’-CCCATCTTTGAGCATCTTGGT-3’

R: 5’- GCCCAGCCTGAGTAGTGAAG-3’

2.6 Assay of oxidative stress and inflammation

The liver GSH contents were measured by determining nonprotein

sulfhydryl contents with the Ellman’s reagent. Two hundred milligram

of the liver was weighed and homogenized in 8 ml of cooled ethylene-

diaminetetraacetic acid solution (0.02 M) in an ice bath. Then, 5 ml of

liver homogenate was transferred to new tube and added 4 ml of dis-

tilled water and 1 ml of 50% TCA. The mixture was shaken vigorously

for 10 min and then centrifuged (15 min at 4◦C). Then, 2 ml of super-

natant was added to 4 ml of Tris buffer (pH 8.9) and 100 μL of DTNB
solution (0.01 M in methanol). The samples were shaken to obtain a

homogeneousmixture. The solution absorbancewas readwithin 5min

of the addition of DTNB at 412 nm against a reagent blank with no

homogenate (Haj-Mirzaian et al., 2019). In addition, TNF-α, IL-6, and
interlukin-1β (IL-1β) were spectrophotometrically analyzed according

to the instructions of ELISA kit (Biosciences, USA).

2.7 Real-time PCR analysis

Liver was resected and immediately frozen in liquid nitrogen, then

storedat−80◦C. In the first step totalRNAwasextracted fromthoracic

aorta using Trizol reagent (Invitrogen, Cergy Pontoise, France). Alter-

ations in the mRNA levels of genes were determined using qRT-PCR

after the reverse transcription of 1 μg of RNA from each sample using

PrimeScript RT reagent kit (Takara Bio Inc., Otsu, Japan). qRT-PCRwas

completed on a light cycler device (RocheDiagnostics,Mannheim,Ger-

many) using SYBR Premix Ex Taq technology (Takara Bio). Sequences

of primers were designed based on previous reports that are shown in

Table 1. Thermal cycling conditions included an initial activation step

for 30 s at 95◦C afterward 45 cycles as well as a denaturation step for

5 s at 95◦C and a combined annealing/extension step for 20 s at 60◦C

(Haj-Mirzaian et al., 2019). Melting curve analysis was performed to

certify whether all primers yielded a single PCR product.
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TABLE 2 Evaluation of liver enzymes in normal and socially
isolated animals

Items

Social

condition

Isolation

condition p-value

AST (U/l) 48.8± 1.9 81.3± 11.6 <0.001

ALT (U/l) 37.1± 2.1 70.2± 8.9 <0.001

ALP 73.1± 6.9 188.5± 7.4 <0.001

Total bilirubin 1.67± 0.32 1.79± 0.53 p= .773

Conjugated bilirubin 0.39± 0.12 0.48± 0.19 p= .391

2.8 Statistical analysis

One-way ANOVA, two-way repeated measure ANOVA and T-test

analyses were used to analyze the data in the current study (GraphPad

Prism version 7); and all datawere normally distributed. p-value< 0.05

was the critical criterion for statistical significance. We used

Bonferroni P value adjustment for RT-PCR result and p-value less

than 0.01 was consider as significance level in RT-PCR results. In

addition, the sample size was determined using version 3 of G*Power

software, considering the study’s power of 0.8 and α= 0.05.

2.9 Ethics

Our study was in accordance with the National Institute of Health

(NIH) Guidelines for the Care and Use of Laboratory Animals (HHS

publication 85-23, 1985), legislation for the protection of animals used

for scientific purposes (Directive 2010/63/EU).

3 RESULTS

In the first part of results section, we showed that SIS could signifi-

cantly impact on liver enzymes including AST, ALT, and ALP. Table 2

shows that the plasma concentration of AST (p< .001, t= 6.18, df= 8)

and ALT (p < .001, t = 8.09, df = 8), as well as ALP (p < .001, t = 25.5,

df = 8) significantly increased in socially isolated animals in compari-

son to normal animals. Also, t-test analysis failed to show any signifi-

cant difference between socially isolated and normal condition animals

in regard of total bilirubin and conjugated bilirubin (p> .05, Table 2). In

addition, we assessed the liver inflammation. Our results showed that

SIS significantly increased the level of TNF-α (p< .001, t= 9.89, df= 8),

IL-6 (p < .001, t = 18.70, df = 8), and IL-1β (p < .001, t = 18.47, df = 8)

in comparison to SC animals (Table 3). Also, we observed that SIS sig-

nificantly decreased the activities of oxidative stress marker enzymes

(GSH) in comparison to normal mice (p< .001, t= 27.19, df= 8).

In the next part of the results section, we evaluated the plasma con-

centration of fluoxetine, norfluoxetine, imipramine, desipramine, and

duloxetine in both normal and socially isolated animals in seven inter-

vals (0.5, 1, 2, 5, 10, 24, and 48 h after single dose oral administrations).

Two-way ANOVA analysis showed that SIS could significantly impact

on the plasma concentration of fluoxetine (F (6, 30) = 225.3, p < .001,

TABLE 3 Evaluation of the inflammatory cytokines and oxidative
stress activity in liver samples of normal and socially isolated animals

Items

Social

condition

Isolation

condition p-value

TNF-α (pg/ml) 206.1± 33.1 541.5± 68.2 <0.001

IL-6 (pg/ml) 79.8± 11.1 266.7± 19.4 <0.001

IL-1β (pg/ml) 188.2± 21.7 478.9± 27.7 <0.001

GSH (ng/L) 698.2± 22.0 337.5± 19.9 <0.001

Figure1) andnorfluoxetine (F (6, 30)=222.7,p< .001, Figure1) in com-

parison to normal animals. Our results showed that the plasma level of

fluoxetine reached the highest level 2 h after oral administration and

norfluoxetine reached the highest level 10 h after oral administration

in normal animals. In addition, the plasma levels of both norfluoxetine

and fluoxetine significantly decreasedafter48h in comparisonwith the

plasma levels at 2 h after administration in normal mice (p< .001). Fur-

thermore, no significant difference was observed between the level of

both fluoxetine and norfluoxetine at 48 and 0.5 h after oral adminis-

tration in SC group (p > .05). On the other hand, results obtained from

IC groups showed that the maximum plasma levels of fluoxetine and

norfluoxetine were observed at 2 and 10 h after oral administration,

respectively.Weobserved higher levels of fluoxetine and norfluoxetine

at 48 h after administration in comparison to 0.5 h (p< .01).

Two-way ANOVA analysis showed that SIS could significantly

impact on the plasma concentration of imipramine (F (6, 30) = 169.9,

p< .001, Figure1) anddesipramine (F (6, 30)=103.1,p< .001, Figure1)

in comparison to normal animals. Our results showed that the plasma

level of imipramine reached the highest level 2 h after oral administra-

tion and desipramine reached the highest level 10 h after oral adminis-

tration in normal animals. Besides, the plasma level of both imipramine

and desipramine significantly decreased after 48 h in comparison to

the plasma level at 2 h after administration in normal mice (p < .001).

In addition, no significant difference was observed between the level

of both imipramine and desipramine at 48 and 0.5 h after oral admin-

istration in SC group (p > .05). Results obtained from socially isolated

animals demonstrated that the maximum plasma levels of imipramine

and desipraminewere observed at 2 and 10 h after oral administration,

respectively.Weobservedhigher levels of imipramine anddesipramine

at 48 h after administration in comparison to 0.5 h in IC group (p< .05).

Evaluation of plasma concentration of duloxetine showed that SIS

could significantly impact on the plasma concentration of duloxetine

(F (6, 30)= 343.3, p < .001, Figure 1) in comparison to normal animals.

Our results demonstrated that the plasma level of duloxetine reached

the highest level 5 h after oral administration. In addition, the plasma

level of duloxetine in socially conditioned mice significantly decreased

after 48 h in comparison to the plasma level at 5 h after administra-

tion (p < .001). Furthermore, no significant difference was observed

between the level of duloxetine at 48 and 0.5 h after oral administra-

tion in SC group (p > .05). Results obtained from socially isolated ani-

mals demonstrated that the maximum plasma level of duloxetine was

observed at 10 h after oral administration. We observed higher levels
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F IGURE 1 Evaluation of plasma concentration of fluoxetine, imipramine, duloxetine and their metabolites (norfluoxetine and desipramine) 0.5,
1, 2, 5, 10, 24, 48 h after oral administrations in both IC and SC animals. Values are expressed as themean± S.E.M (n= 6) results were analyzed
using two-way ANOVA repeatedmeasure followed by Tukey’s post hoc test

of duloxetine at 48 h after administration in comparison to 0.5 h in IC

group (p< .001).

In the final step of the results section, one-way ANOVA analy-

sis showed that SIS could significantly impact on gene expression

of cytochrome P450 (CYP) 1A2, 2A6, 2C9, 2C29, and 2D (F (9, 39)

= 30.11, p < .001, Figure 2) in liver tissue samples. Tukey’s analy-

sis showed that the gene expression of CYP1A2, CYP2A6, CYP2C9,

CYP2C29, and CYP2D significantly decreased in IC animals in compar-

ison to normal animals (p< .001).

4 DISCUSSION

In the current study, we observed that the liver enzymes including

AST and ALT was slightly higher in SIS animals. The blood concentra-

F IGURE 2 Evaluation of gene expression of CYP1A2, CYP2A6,
CYP2C9, CYP2C29, and CYP2D in both SC and IC animals. Values are
expressed as themean± S.E.M (n= 6) results were analyzed using
one-way ANOVA followed by Tukey’s post hoc test
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tions of fluoxetine, norfluoxetine, desipramine, and imipramine were

significantly higher in SIS animals. The gene expression of CYP1A2,

CYP2A6,CYP2C9,CYP2C29, andCYP2Dwere significantly decreased

in SIS animals. Our results showed that SIS animals had significantly

higher level of TNF-a, IL-1β, and IL-6. SIS could significantly decrease

the activity of antioxidant agent (Glutathione, GSH).

Social isolation stress paradigm has been proved as a valid ani-

mal model of psychosocial stress; capable of inducing psychiatric and

metabolic disorders such as irregular pattern of weight gain, increased

visceral fat accumulation, elevated incidenceof coronaryheart disease,

and disrupted HPA axis activity (Nonogaki et al., 2007, Ros-Simó &

Valverde, 2012, Sakakibara et al., 2012, Sun et al., 2014,Das&O’Keefe,

2006). Moreover, social isolation has been established as a major risk

factor of liver pathologies.

The exact mechanism of how social stress can affect liver patholo-

gies is still obscure. Formerly, activation of the locus coeruleus-

norepinephrine system and the resultant catecholamine release were

assumed to induce vasospasm and the consequent centrilobular

ischemia seemed responsible for hepatic inflammation and injury

(Hirose et al., 1961, Kaplan & Wheeler, 1983, Swain, 2000). Recently,

stress mediators have gained attention as a pivotal effector in liver

pathologies (Chida et al., 2006). The HPA axis, systemic sympathetic

and adrenal medullary systems are the main constituents of the stress

system. They maintain homeostasis in both basal and stressful situ-

ations (Chrousos & Gold, 1992, Chrousos, 1992). They are activated

through various mechanisms. Several inflammatory cytokines such as,

TNF-α, IL-1, and IL-6 are known to profoundly influence and acti-

vate this stress system (Chrousos & Gold, 1992, Chrousos, 1992,

Sawchenko et al., 1993). According to our data higher levels of TNF-

α, IL-1, and IL-6 was observed in IC mice; indicating an overwhelming

inflammatory response and immense activation of stress system in this

group.

In order to evaluate the extent of liver dysfunction, we measured

serum transaminases, enzymes which rise in the course of hepatic

inflammation and toxic liver injuries and can be used as an accurate

indicator of disintegration in cytoplasmic and/or mitochondrial mem-

branes (Feldman et al., 2006). Increased ALT level is a sensitive indica-

tor of hepatic disease and ismore specific for liver injuries compared to

AST levels because of its cytoplasmic location. Liver cells store higher

levels of AST than ALT but ALT is mainly contained in the cytoplasm

where its concentration exceeds that of AST, whilst AST is present in

both cytoplasmic and mitochondrial locations (Feldman et al., 2006).

Previous studies have shown that superimposed depression in patients

with chronic viral hepatitis B is significantly correlated with increased

serumhepatic transaminases (Kunkel et al., 2000).Moreover, a positive

correlationwas seen between psychosocial stress and serum (ALT) val-

ues in cirrhotic patients (Nagano et al., 2004).

The results of the current study indicated that mice exposed to

social isolation stress showed liver dysfunction. Our results revealed

a significant rise in the serum levels of ALT, AST, and ALP in socially iso-

lated mice; suggesting a simultaneous hepatocellular and cholestatic

pattern of injury in this group. Moreover, a slight rise in total serum

bilirubin was also detected, further supporting a cholestatic disease.

Our results regarding hepatocellular injury were aligned with those

of a previous study which reported significantly increased ALT and

AST activity in fluoxetine treated animals (Inkielewicz-Stępniak, 2011).

Additionally, our data unveiled a simultaneous cholestatic injury and

this findingwas first of its kind in clinical studies. It has to be noted that

the increased level of AST in animals treated with fluoxetine can be a

result of fluoxetine-induced loss of mitochondrial membrane function

(Feldman et al., 2006).

Another important intracellular mechanism of liver injury is the

depletion of the cells from glutathione (GSH), a major anti-oxidant

molecule capable of detoxifying hydrogen peroxide and lipid peroxides

(Gupta et al., 2005). Our results demonstrated that the level of glu-

tathionewasmeaningfully decreased in socially isolatedmice, suggest-

ing a lowered capacity of the anti-oxidant defense system in this group.

In addition, its noticeable that 4-trifluoromethylphenol, one of fluox-

etine’s metabolites, has been shown to decrease GSH levels directly

(Thompson et al., 2000).

It has been long known that antidepressants go through exten-

sive biotransformation in the liver. The main enzyme in charge of

their metabolism is cytochrome P450 (Caccia, 1998). Interestingly,

cytochromes function is known to be severely disrupted by antidepres-

sant drugs and their activemetabolites (Caccia, 1998).Weassessed the

serum levels of antidepressants and thegeneexpressionof cytochrome

P450 to evaluate the possibility of drug toxicity due to hepatic dys-

function in the course of SIS, Five major antidepressant drugs (flu-

oxetine, norfluoxetine, duloxetine, imipramine and desipramine) were

carefully chosen based on their close bioavailability and a wide range

of metabolization enzyme and also high prescription rate in US. The

bioavailability of these drugs is nearly the same (all ranging from

50% to 70%) which makes them suitable for comparison (van Harten,

1993, Abernethyl et al., 1984). Additionally, these drugs have been

shown to inhibit various cytochrome subtypes. For instance, fluoxetine

and duloxetine inhibit CYP2D, norfluoxetine is a moderate inhibitor

of CYP1A2 (Hemeryck & Belpaire, 2002, Skinner et al., 2003), and

imipramine and desipramine are known to exert inhibitory effects

on CYP2D6, CYP2C9, and CYP2C29 in mice (Shin et al., 2002). In

this regard, we measured the gene expression of cytochrome P450

(CYP) 1A2, 2A6, 2C9, 2C29, and 2D. Their expression was signifi-

cantly decreased in IC mice; emphasizing the diminished enzymatic

capacity in this group. The combined effect of lowered gene expres-

sion and enzymatic inhibition caused by these drugs and their end-

metabolites, emphasizes the vulnerability of hepatic metabolic system

and the necessity of lowering administration dose to avoid any proba-

ble drug toxicity.

Another piece of meaningful evidence was the altered serum levels

of anti-depressant drugs in socially isolated mice. The plasma level of

fluoxetine and norfluoxetine were raised in a much slower rate in IC

mice than SC mice. Additionally, the peak serum level of norfluoxetine

was significantly lower in socially isolatedmice, suggesting a decreased

metabolic function of the liver. In addition, the elimination rate of flu-

oxetine and norfluoxetine was meaningfully lower in socially isolated

mice. These findings are indicative of an impaired hepatic function

and declined hepatic enzymatic capacity. Our findings are parallel
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to those of Schenker et al. who concluded that the elimination and

plasma clearance of fluoxetine and norfluoxetine is severely disrupted

in patients with stable alcoholic cirrhosis (Schenker 1 et al., 1988).

We also measured the serum levels of imipramine, desipramine and

duloxetine in both groups. In IC mice the peak serum level of these

drugs was lower than SC mice but their elimination rate was signifi-

cantly lower resulting in an increased imipramine and duloxetine level

after 48 h. On the basis of our findings a less frequent administration

or lower dose of antidepressant drugs is recommended in depressive

disorder patients in order to avoid drug toxicity and overdose since

many of them might have varying degrees of hepatic failure. Finally, in

clinical view, most cases with major depression disease, which induced

by loneliness, typically treated with several anti-depressant/anxiolytic

plus benzodiazepine. Thus, in this situation patients might be prone

to drug toxicity and overdose than a single anti-depressant/anxiolytic

treatment; and the blood concentration of anti-depressant/anxiolytic

drugs or their symptoms should carefully monitor.

The major limitation of the current study was that our research

did not provide any proper positive control to SIS. Thus, it could not

be concluded that liver dysfunction and drug toxicity is presentenced

following SIS or any kind of chronic stress. Therefore, further studies

should be established to investigate the liver function following other

animal models of depression and anxiety. Also, the treatment regimen

consisted of a single dose of antidepressant drugs. According to previ-

ous data, a standard treatment duration for depressive disorders is at

least 2 weeks (Blier, 2009). Contrastingly, as mentioned above, antide-

pressants and their activemetabolites have been long known to inhibit

cytochrome p450 isoforms meaningfully (Hemeryck & Belpaire, 2002,

Skinner et al., 2003, Shin et al., 2002, Caccia, 1998). In our study the

main purposewas to evaluate the probability of overdose anddrug tox-

icity andwe did not intend to evaluate treatment outcomes sowe used

a single dose treatment in order to exclude the inevitable inhibitory

effect of antidepressants on cytochrome p450.

5 CONCLUSION

In conclusion, our results indicated that social isolation might induce

liver dysfunction. We also demonstrated that inflammatory cytokines

increase meaningfully in the course of liver disease. According to our

data, the capacity of the anti-oxidant systemwas reduced significantly

in IC mice. Moreover, according to our data, the gene expression of

CYP450 was remarkably decreased in all subtypes, indicating a dimin-

ished metabolic capacity of the liver. Our measurements also revealed

that it took longer time for antidepressant drugs to reach peak serum

levels in IC mice and it took much longer time for the liver to clear

them up from the circulation so closemonitoring of the serum levels of

antidepressant drugs ismandatory in order to avoid any possible toxic-

ity or side effect.

ORCID

FatimaAhmedAlshaikh https://orcid.org/0000-0002-1426-626X

Saba Ilkhani https://orcid.org/0000-0003-1233-1141

Avid FarhangFagheh https://orcid.org/0000-0001-6626-498X

REFERENCES

Abernethyl, D. R., Divoll, M., Greenblatt, D. J., Harmatz, J. S., & Shader, R.

I. (1984). Absolute bioavailability of imipramine: Influence of food. Psy-
chopharmacology, 83, 104–106.

Ader, R., & Cohen, N. (1993). Psychoneuroimmunology: Conditioning and

stress. Annual Review of Psychology, 44, 53–85.
Bagenal, F. S., Easton, D. F., Harris, E., Chilvers, C. E., &McElwain, T. J. (1990).

Survival of patients with breast cancer attending Bristol Cancer Help

Centre. Lancet, 336, 606–610.
Baœ, B., Niewiara, E., Pomierny, L., Dybaa, M., & Nowak, G. (2004). Pharma-

cokinetic interaction after joint administration of zinc and imipramine

in forced swim test in mice. Polish Journal of Pharmacology, 56, 479–
484.

Blier, P. (2009). Optimal use of antidepressants:When to act? Journal of Psy-
chiatry & Neuroscience, 34(1), 80.

Brunner, E. J., Chandola, T., Marmot, M. G. (2007). Prospective effect of job

strain on general and central obesity in the Whitehall II Study. American
Journal of Epidemiology, 165(7), 828–837.

Caccia, S. (1998).Metabolism of the newer antidepressants. An overview of

the pharmacological and pharmacokinetic implications. Clinical Pharma-
cokinetics, 34(4), 281–302.

Capella, D., Bruguera, M., Figueras, A., & Laporte, J. (1999) Fluoxetine-

induced hepatitis: Why is postmarketing surveillance needed?. European
Journal of Clinical Pharmacology, 55, 545–546.

Chandola, T., Brunner, E., & Marmot, M. (2006). Chronic stress at work and

the metabolic syndrome: Prospective study. Bmj (Clinical Research Ed.),
332, 521–525.

Chen, Y., Kelton, C. M., Jing, Y., Guo, J. J., Li, X., & Patel, N. C. (2008). Uti-

lization, price, and spending trends for antidepressants in the US Medi-

caid Program. Research in Social and Administrative Pharmacy, 4(3), 244–
257.

Chida, Y., Sudo,N., &Kubo,C. (2006).Does stress exacerbate liver diseases?.

Journal of Gastroenterology and Hepatology, 21, 202–208.
Chrousos, G. P. (1992). Regulation and dysregulation of the hypothalamic-

pituitary-adrenal axis. The corticotropin releasing hormone perspec-

tive. Endocrinology and Metabolism Clinics of North America, 21, 833–
858.

Chrousos, G. P., & Gold, P.W. (1998). A healthy body in a healthymind− and

vice versa − the damaging power of “uncontrollable” stress. Journal of
Clinical Endocrinology &Metabolism, 83, 1842–1845.

Chrousos, G. P., & Gold, P. W. (1992). The concepts of stress and stress sys-

tem disorders. Overview of physical and behavioral homeostasis. JAMA,
267, 1244–1252.

Danese, A., Moffitt, T. E., Harrington, H., Milne, B. J., Polanczyk, G., Pariante,

C.M., Poulton, R., & Caspi, A. (2009). Adverse childhood experiences and

adult risk factors for age-related disease: Depression, inflammation, and

clustering of metabolic risk markers. Archives of Pediatrics & Adolescent
Medicine, 163(12), 1135–1143.

Das, S., & O’Keefe, J. H. (2006). Behavioral cardiology: Recognizing and

addressing the profound impact of psychosocial stress on cardiovascu-

lar health. Current Atherosclerosis Reports, 8(2), 111–118.
Djordjevic, A., Djordjevic, J., Adzic, M., Elaković, I., Matić, G., & Radojcic, M.

B. (2011). Fluoxetine affects antioxidant system and promotes apoptotic

signaling in Wistar rat liver. European Journal of Pharmacology, 659(1),
61–66.

Djordjevic, J., Djordjevic, A., Adzic, M., Niciforovic, A., & Radojcic, M. B.

(2010). Chronic stress differentially affects antioxidant enzymes and

modifies the acute stress response in liver of Wistar rats. Physiological
Research, 59(5), 729.

Feldman,M., Friedman, L. S., &Brandt, L. J. (2006). Sleisenger & Fordtran’s gas-
trointestinal and liver disease: Pathophysiology, diagnosis, management (8th
ed.). Saunders Elsevier.

https://orcid.org/0000-0002-1426-626X
https://orcid.org/0000-0002-1426-626X
https://orcid.org/0000-0003-1233-1141
https://orcid.org/0000-0003-1233-1141
https://orcid.org/0000-0001-6626-498X
https://orcid.org/0000-0001-6626-498X


8 of 9 ZAHIR ET AL.

Friedenberg, F. K., & Rothstein, K. D. (1996). Hepatitis secondary to fluoxe-

tine treatment. American Journal of Psychiatry, 153, 580.
Fukudo, S., Suzuki, J., Tanaka, Y., Iwahashi, S., & Nomura, T. (1989). Impact of

stress on alcoholic liver injury; a histopathological study. Journal of Psy-
chosomatic Research, 33(4), 515–521.

Grant, N., Hamer, M., & Steptoe, A. (2009). Social isolation and stress-

related cardiovascular, lipid, and cortisol responses. Annals of Behavioral
Medicine, 37(1), 29–37.

Grundemar, L., Wohlfart, B., Lagerstedt, C., Bengtsson, F., & Eklundh, G.

(1997). Symptoms and signs of severe citalopram overdose. Lancet, 349,
1602.

Gupta, S., Pandey, R., Katyal, R., Aggarwal, H. K., Aggarwal, R. P., & Aggarwal,

S. K., (2005). Lipid peroxide levels and antioxidant status in alcoholic liver

disease. Indian Journal of Clinical Biochemistry 20, 67–71.
Haj-Mirzaian, A., Amini-Khoei, H., Haj-Mirzaian, A., Amiri, S., Ghesmati, M.,

Zahir, M., Shafaroodi, H., & Dehpour, A. R. (2017). Activation of cannabi-

noid receptors elicits antidepressant-like effects in a mouse model of

social isolation stress. Brain Research Bulletin, 130, 200–210.
Haj-Mirzaian, A., Khosravi, A., Haj-Mirzaian, A., Rahbar, A., Ramezanzadeh,

K., Nikbakhsh, R., Pirri, F., Talari, B., Ghesmati, M., Nikbakhsh, R., & Deh-

pour, A. R. (2020). The potential role of very small embryonic-like stem

cells in the neuroinflammation induced by social isolation stress: Intro-

duction of a new paradigm. Brain Research Bulletin, 163, 21–30.
Haj-Mirzaian, A., Nikbakhsh, R., Ramezanzadeh, K., Rezaee, M., Amini-

Khoei, H., Haj-Mirzaian, A., Ghesmati, M., Afshari, K., Haddadi, N. S.,

& Dehpour, A. R. (2019). Involvement of opioid system in behavioral

despair induced by social isolation stress in mice. Biomedicine & Pharma-
cotherapy, 109, 938–944.

Haj-Mirzaian, A., Ramezanzadeh, K., Afshari, K., Mousapour, P., Abbasi,

N., Haj-Mirzaian, A., Nikbakhsh, R., Haddadi, N. S., & Dehpour, A. R.

(2019). Activation of ATP-sensitive K-channel promotes the anticonvul-

sant properties of cannabinoid receptor agonist through mitochondrial

ATP level reduction. Epilepsy & Behavior, 93, 1–6.
Hemeryck, A., & Belpaire, F. M. (2002). Selective serotonin reuptake

inhibitors and cytochrome P-450 mediated drug-drug interactions: An

update. Current DrugMetabolism, 3(1), 13–37.
Hilakivi-Clarke, L., & Dickson, R. B. (1995). Stress influence on develop-

ment of hepatocellular tumors in transgenicmice overexpressing TGF-α.
ActaOncol, 34, 907–912.

Hirose, S., Hirayama, C., & Ikemi, Y. (1961). The influence of emotional stress

on the liver blood flow. Kyushu Journal of Medical Science, 12, 319–323.
Huh, D., Leslie, D. C., Matthews, B. D., Huh, D., Leslie, D. C., Matthews, B. D.,

Fraser, J. P., Jurek, S., Hamilton, G. A., Thorneloe, K. S., McAlexander, M.

A., & Ingber, D. E (2012). A humandiseasemodel of drug toxicity-induced

pulmonary edema in a lung-on-a-chip microdevice. Science Translational
Medicine, 4(159), 159ra147.

Inkielewicz-Stępniak, I. (2011). Impact of fluoxetine on liver damage in rats.

Pharmacological Reports, 63(2), 441–447.
Isbister, G. K., Bowe, S. J., Dawson, A., &Whyte, I.M. (2004). Relative toxicity

of selective serotonin reuptake inhibitors (SSRIs) in overdose. Journal of
Toxicology: Clinical Toxicology, 42(3), 277–285.

Kaplan,M. H., &Wheeler,W. F. (1983). Stress and diseases of the upper gut.

I. Stress and liver disease.Mount Sinai Journal of Medicine, 50, 225–227.
Kaushik, S., & Kaur, J. (2003). Chronic cold exposure affects the antioxidant

defense system in various rat tissues.ClinicaChimicaActa,333(1), 69–77.
Kiecolt-Glaser, J. K. (1999). Norman cousins memorial lecture 1998. Stress,

personal relationships, and immune function: Health implications. Brain,
Behavior, and Immunity, 13, 61–72.

Kunkel, E. J., Kim, J. S., Hann, H.W., Oyesanmi, O., Menefee, L. A., Field, H. L.,

Lartey, P. L., &Myers, R. E. (2000). Depression in Korean immigrantswith

hepatitis B and related liver diseases. Psychosomatics, 41, 472–480.
Liu, H., & Wang, Z. (2005). Effects of social isolation stress on immune

response and survival time of mouse with liver cancer. World Journal of
Gastroenterology: Wjg, 11, 5902–5904.

Madrigal, J. L., Olivenza, R., Moro, M. A., Lizasoain, I., Lorenzo, P., Rodrigo, J.,

& Leza, J. C. (2001). Glutathione depletion, lipid peroxidation and mito-

chondrial dysfunction are induced by chronic stress in rat brain. Neu-
ropsychopharmacology, 24(4), 420–429.

McEwen, B. S., & Stellar, E. (1993). Stress and the individual. Mechanisms

leading to disease. Archives of Internal Medicine, 153, 2093–2101.
Nagano, J., Nagase, S., Sudo, N., & Kubo, C. (2004). Psychosocial stress, per-

sonality, and the severity of chronic hepatitis C. Psychosomatics, 45, 100–
106.

Nonogaki, K., Nozue, K., & Oka, Y. (2007). Social isolation affects the devel-

opment of obesity and type 2 diabetes in mice. Endocrinology, 148(10),
4658–4666.

Pereira,G.C., Silva,A.M.,Diogo,C.V., Carvalho, F. S.,Monteiro, P., &Oliveira,

P. J. (2011). Drug-induced cardiac mitochondrial toxicity and protection:

From doxorubicin to carvedilol. Current Pharmaceutical Design, 17(20),
2113–2129.

Raikkonen, K., Keltikangas-Jarvinen, L., Adlercreutz, H., & Hautanen,

A. (1996). Psychosocial stress and the insulin resistance syndrome.

Metabolism, 45, 1533–1538.
Ramirez, K., Shea, D. T., McKim, D. B., Reader, B. F., & Sheridan, J.

F. (2015). Imipramine attenuates neuroinflammatory signaling and

reverses stress-induced social avoidance. Brain, Behavior, and Immunity,
46, 212–220.

Ros-Simó, C., & Valverde, O. (2012). Early-life social experiences in

mice affect emotional behaviour and hypothalamic-pituitary-adrenal

axis function. Pharmacology, Biochemistry and Behavior, 102(3), 434–
441.

Sager, J. E., Lutz, J. D., Foti, R. S., Davis, C., Kunze, K. L., & Isoherra-

nen, N. (2014). Fluoxetine-and norfluoxetine-mediated complex drug–

drug interactions: In vitro to in vivo correlation of effects on CYP2D6,

CYP2C19, and CYP3A4. Clinical Pharmacology & Therapeutics, 95(6),
653–662.

Sakakibara, H., Suzuki, A., Kobayashi, A., Motoyama, K., Matsui, A., Sayama,

K., Kato, A., Ohashi, N., Akimoto, M., Nakayama, T., & Shimoi, K. (2012).

Social isolation stress induces hepatic hypertrophy in C57BL/6J mice.

Journal of Toxicological Sciences, 37(5), 1071–1076.
Sawchenko, P. E., Imaki, T., Potter, E., Kovacs, K., Imaki, J., & Vale, W.

(1993). The functional neuroanatomy of corticotropin-releasing factor.

Ciba Foundation Symposium, 172, 5–21.
Schenker, S., Bergstrom, R. F., Wolen, R. L., & Lemberger, L. (1988). Fluox-

etine disposition and elimination in cirrhosis. Clinical Pharmacology and
Therapeutics, 44, 353–359.

Shin, J. G., Park, J. Y., Kim, M. J., Shon, J. H., Yoon, Y. R., Cha, I. J.,

Lee, S. S., Oh, S. W., Kim, S. W., & Flockhart, D. A. (2002). Inhibitory

effects of tricyclic antidepressants (TCAs) on human cytochrome

P450 enzymes in vitro: mechanism of drug interaction between

TCAs and phenytoin. Drug Metabolism and Disposition, 30(10), 1102–
1107.

Skinner, M. H., Kuan, H. Y., Pan, A., Sathirakul, K., Knadler, M. P., Gonzales,

C. R., Yeo, K. P., Reddy, S., Lim, M., Ayan-Oshodi, M., &Wise, S. D. (2003).

Duloxetine is both an inhibitor and a substrate of cytochrome P4502D6

in healthy volunteers.Clinical Pharmacology and Therapeutics, 73(3), 170–
177.

Spiegel,D., &Kato, P.M. (1996). Psychosocial influences on cancer incidence

and progression.Harvard Review of Psychiatry, 4, 10–26.
Steplewski, Z., Vogel, W. H., Ehya, H., Poropatich, C., & Smith, J. M. (1985).

Effects of restraint stress on inoculated tumor growth and immune

response in rats. Cancer Research, 45, 5128–5133.
Sun, M., Choi, E. Y., Magee, D. J., Stets, C.W., During, M. J., & Lin, E. J. (2014).

Metabolic effects of social isolation in adult C57BL/6 mice. International
Scholarly Research Notices, 2014, 690950.

Swain, M. G. (2000). I Stress and hepatic inflammation. American Jour-
nal of Physiology. Gastrointestinal and Liver Physiology, 279, G1135–
G1138.



ZAHIR ET AL. 9 of 9

Thompson, D. C., Perera, K., & London, R. (2000). Spontaneous hydrolysis of

4-trifluoromethylphenol to a quinone methide and subsequent protein

alkylation. Chemico-Biological Interactions, 126, 1–14.
Tjandra, K., Sharkey, K. A., & Swain, M. G. (2000). Progressive development

of a Th1-type hepatic cytokine profile in rats with experimental cholan-

gitis.Hepatology, 31, 280–290.
vanHarten, J. (1993). Clinical pharmacokinetics of selective serotonin reup-

take inhibitors. Clinical Pharmacokinetics 24(3), 203–220.
Westphal, J., & Brogard, J. (1997). Drug administration in chronic liver dis-

ease.Drug-Safety, 17, 47–73.
Wu,W., Murata, J., Murakami, K., Yamaura, T., Hayashi, K., & Saiki, I. (2000).

Social isolation stress augments angiogenesis induced by colon 26-L5

carcinoma cells in mice. Clinical & Experimental Metastasis, 18(1), 1.
Wu, W., Yamaura, T., Murakami, K., Murata, J., Matsumoto, K., Watanabe,

H., & Saiki, I. (2000). Social isolation stress enhanced liver metastasis of

murine colon 26-L5 carcinoma cells by suppressing immune responses in

mice. Life Sciences, 66(19), 1827–1838.
Wu, W., Yamaura, T., Murakami, K., Ogasawara, M., Hayashi, K., Murata,

J., & Saiki, I. (1999). Involvement of TNF-α in enhancement of invasion

and metastasis of colon 26-L5 carcinoma cells in mice by social isolation

stress.Oncology Research, 11, 461–469.

Wyska, E. (2019). Pharmacokinetic considerations for current state-of-

the-art antidepressants. Expert Opinion on Drug Metabolism & Toxicology,
15(10), 831–847.

Xu, H., Zhang, Y., Zhang, F., Yuan, S. N., Shao, F., & Wang, W. (2016). Effects

of duloxetine treatment on cognitive flexibility and BDNF expression in

themPFCof adultmalemiceexposed to social stressduring adolescence.

Frontiers in Molecular Neuroscience, 9, 95.

How to cite this article: Zahir, M., Shariatzadeh, S., Khosravi,

A., Alshaikh, F. A., Moradi, P., Ghaderi, M., Farsinejad, P.,

Louyeh, P. A., Ilkhani, S., Nakhaei, P., Taheri, A., Fagheh, A. F., &

Akhavan-Sigari, R. (2021). High risk of drug toxicity in social

isolation stress due to liver dysfunction: Role of oxidative

stress and inflammation. Brain and Behavior, 11, e2317.

https://doi.org/10.1002/brb3.2317

https://doi.org/10.1002/brb3.2317

	High risk of drug toxicity in social isolation stress due to liver dysfunction: Role of oxidative stress and inflammation
	Abstract
	1 | INTRODUCTION
	2 | MATERIAL AND METHODS
	2.1 | Animals and housing conditions
	2.2 | Drugs and chemicals
	2.3 | Sample acquisition and preparation
	2.4 | Experimental design
	2.5 | Pharmacokinetic study
	2.6 | Assay of oxidative stress and inflammation
	2.7 | Real-time PCR analysis
	2.8 | Statistical analysis
	2.9 | Ethics

	3 | RESULTS
	4 | DISCUSSION
	5 | CONCLUSION
	ORCID
	REFERENCES


