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Abstract. Isoniazid (INH) and rifampicin (RIF) continue 
to be first line anti‑tuberculosis (TB) drugs. However, the 
use of these drugs is associated with hepatotoxicity. Nuclear 
factor‑κB (NF‑κB) plays a crucial role in regulating immu-
nity and inflammation. It has been reported that pyrrolidine 
dithiocarbamate (PDTC), an inhibitor of NF‑κB, exerts a 
hepatoprotective effect on acute and chronic liver damage. The 
aim of the present study was to explore the INH/RIF‑induced 
protective effects and mechanisms of PDTC on liver injury. 
Rats were intragastrically administered INH (50 mg/kg/day) 
and RIF (50 mg/kg/day) daily for 28 days. PDTC (50 mg/kg/day) 
was intraperitoneally injected 2 h after the co‑administration 
of INH and RIF to compare liver biochemical indicators in 
the serum, histopathological damage, NF‑κB activity, oxida-
tive stress, hepatic mRNA expression of tumor necrosis factor 
(TNF)‑α, bile salt export pump (BSEP), and protein expression 
of BSEP. It was found that the inhibition of NF‑κB activation 
by PDTC treatment markedly alleviated liver biochemical 
and histological injury, decreased oxidative stress and mRNA 
levels of TNF‑α, and prevented decreases in BSEP mRNA 
and protein expression induced by the co‑administration 
of INH and RIF. Collectively, the present data suggested 
that INH/RIF‑induced liver injury is dependent on the 

activation of NF‑κB. PDTC exerted a therapeutic effect on 
INH/RIF‑induced liver injury by increasing BSEP expression, 
and exhibiting antioxidant and anti‑inflammatory activities.

Introduction

Tuberculosis (TB) remains a major health problem world 
worldwide, accounting for 9.6 million new cases and 
1.5 million mortalities annually (1). Although highly effec-
tive, isoniazid (INH) and rifampicin (RIF) combination 
therapy is associated with hepatotoxicity (2,3). Hepatotoxicity 
is the most common serious complication of anti‑TB therapy, 
and can range from asymptomatic elevation of serum trans-
ferases to hepatitis or hepatic failure (4). Previous studies 
in rats have shown that the hepatotoxicity of anti‑TB drugs 
is associated with inflammatory infiltration, hepatocyte 
necrosis and fatty degeneration, as well as changes in serum 
biochemical markers (5‑7). Although the exact mechanisms 
of INH and RIF‑induced liver injury remain unclear, several 
mechanisms have been suggested, such as oxidative stress, 
lipid peroxidation, dose‑related toxicity, genotyping‑related 
toxicity and increased risk of toxic INH metabolites as a 
result of enzyme induction (2,3). Endogenous lipid peroxi-
dation has been reported to be a primary factor driving the 
cytotoxic actions of INH and RIF (5). INH and RIF‑mediated 
oxidative injury is generally attributed to the accumulation 
of reactive oxygen species (ROS), which has been indicated 
in cell signaling alterations, and can lead to mitochondrial 
dysfunction, damage to the cell membrane and apoptosis in 
hepatocytes (6). Antioxidants may therefore serve a protective 
role against INH‑RIF‑induced liver injury (7).

Nuclear factor‑κB (NF‑κB) is a ubiquitous transcription 
factor that mediates immune and inflammatory responses, cell 
proliferation and apoptosis (8). Pyrrolidine dithiocarbamate 
(PDTC), an antioxidant and potent inhibitor of NF‑κB, has 
previously been shown to exert extensive anti‑inflammatory 
and antioxidant effects in rat models of liver cirrhosis  (9), 
immunological liver injury (10), liver failure (11) and chole-
static liver injury (12). Although it has been suggested that 
PDTC can have hepatoprotective effects and therapeutic 
value in various types of liver disease, its effects on anti‑TB 
drug‑induced liver injury are yet to be elucidated.
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The aim of the present study was to explore the potential 
protective effects of PDTC on INH/RIF‑induced liver injury. 
The potential mechanisms underlying its therapeutic effects 
were also investigated.

Materials and methods

Animals and experimental design. Male Sprague‑Dawley 
rats (150‑180  g; specific pathogen‑free grade) were 
obtained from the Experimental Animal Center of Anhui 
Medical University (Hefei, China) and housed in rooms 
with a maintained temperature of 22‑25˚C and humidity 
of 50±5% under a 12‑h light‑dark cycle, and provided 
food and water ad  libitum. Rats were acclimatized for 
1 week prior to the initiation of experiments. The animal 
experiments were approved by the Animal Care and Use 
Committee of Anhui Medical University. A total of 24 rats 
were randomly assigned to 3 groups (n=8/group) and 
treated for 28 consecutive days as follows: Rats in the INH 
+ RIF and PDTC groups were intragastrically adminis-
tered INH (50 mg/kg/day) and RIF (50 mg/kg/day; Yan'an 
Pharmaceutical Co., Ltd.) following 3 h of abrosia (13,14). 
Control rats were intragastrically treated with an equiva-
lent volume of 0.9% sodium chloride. Additionally, 
the PDTC group received 50  mg/kg/day PDTC (Merck 
KGaA) via an intraperitoneal injection 2  h following 
the co‑administration of INH and RIF  (10,15,16). The 
rats in the control and model groups were intraperitone-
ally injected with the equivalent volume of 0.9% sodium 
chloride (14). RIF and INH were solubilized in 1% sodium 
carboxymethylcellulose and 0.9% sodium chlor ide, 
respectively. PDTC initially was dissolved in DMSO at 
10 mg/ml and then diluted by 0.9% sodium chloride to 
50 mg/ml. Rats were anesthetized by an intraperitoneal 
injection of sodium pentobarbital (50 mg/kg) the morning 
following the final drug treatment. Blood was collected 
into microtubes from the abdominal aorta. Rat livers were 
rapidly excised, leaving the left lobe of the liver in 10% 
neutral formalin‑fixed buffer for histological analysis. The 
remaining livers were snap‑frozen and stored in a liquid 
nitrogen container until required (17). Then, the rats were 
sacrificed by decapitation. Serum samples were obtained 
from blood following centrifugation at 4˚C, 1,728 x g for 
20 min and stored at ‑20˚C for detection.

Biochemical assays. The serum levels of total bile acid (TBA), 
total bilirubin (TBIL), direct bilirubin (DBIL), alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and 
alkaline phosphatase (ALP) were measured using common 
commercial assay kits (TBA, ALT, AST and ALP kits were 
obtained from Shanghai Kehua Bio‑engineering Co., Ltd.; 
TBIL and DBIL kits were obtained from Roche Diagnostics) 
using an automatic biochemical analyzer (Roche Diagnostics) 
in the clinical laboratory of the First Affiliated Hospital of 
Anhui Medical University. Hepatic superoxide dismutase 
(SOD) activity and malondialdehyde (MDA) content were 
detected in the supernatants from 10% liver homogenates, 
which were prepared according to the manufacturer's proto-
cols. SOD and MDA kits were obtained from Nanjing 
Jiancheng Bioengineering Institute.

Liver histopathology. Liver tissues were embedded in paraffin 
following fixation in 10% formalin at room temperature for 
24 h. Tissues were subsequently cut into 4‑µm thick sections 
24 h later, deparaffinized in xylene and hydrated in a graded 
series of ethanol, and then routinely stained with hematoxylin 
for 5 min and eosin for 10 sec at room temperature. From each 
sample, 5 adjacent, non‑overlapping fields were selected at 
random and observed using routine light microscopy at x400 
magnification.

Electrophoretic mobility shift assay (EMSA). EMSA was 
performed according to the instructions of the Light Shift 
Chemiluminescent EMSA kit (cat.  no.  89880; Thermo 
Fisher Scientific, Inc.) to detect the DNA binding activity of 
NF‑κB. Nuclear extracts from liver tissues were prepared 
using a nuclear extraction kit (Viagene Biotech, Inc.) and 
quantified using a bicinchoninic acid (BCA) protein assay 
kit (Thermo Fisher Scientific, Inc.). A biotin‑labeled NF‑κB 
probe (Santa Cruz Biotechnology, Inc.) with a 5'‑AGT​TGA​
GGG​GAC​TTT​CCC​AGG​C‑3' sequence and nuclear proteins 
(15 µg) were incubated in a total volume of 15 µl in binding 
buffer at room temperature for 20 min. The extracts were 
also incubated with specific NF‑κB p65 antibody (2 µg/µl; 
cat. no. SC‑372X; Santa Cruz Biotechnology, Inc.) at room 
temperature for 20 min for a supershift assay. The specificity 
of binding was detected by competition with unlabeled 
100‑fold excess of a cold and a mutant probe with a 5'‑TGG​
GGA​ACC​TGT​GCT​GAG​TCA​CTG​GAG‑3' sequence 
(Thermo Fisher Scientific, Inc.). Following incubation, the 
DNA‑nuclear protein mixtures (15 µl) were subjected to gel 
electrophoresis on a 6.5% nondenaturing polyacrylamide 
gel in 0.25X Tris‑borate‑ethylenediaminetetraacetic buffer 
at 120 V for 60 min, and then transferred to a presoaked 
nylon membrane. When the transfer was complete, DNA was 
cross‑linked to the membrane within commercial UA‑light for 
10 min. The biotinylated DNA‑protein bands were detected 
with streptavidin‑horseradish peroxidase (HRP; 1:750) using 
a Chemiluminescent Assay (Thermo Fisher Scientific, Inc.).

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. Total RNA was extracted from liver tissues using 
TRIzol reagent (Sangon Biotech Co., Ltd.) according to the 
manufacturer's instructions. RNA concentration was measured 
by NanoDrop™ 2000 (NanoDrop Technologies; Thermo 
Fisher Scientific, Inc.). Then, cDNA was synthesized using a 
First Strand cDNA Synthesis kit (Sangon Biotech Co., Ltd.), 
according to the manufacturer's protocol. The reverse transcrip-
tion system was conducted at a final volume of 20 µl, including 
total RNA (5 µl), primer mix (1 µl), dNTP Mix (2 µl), RNase 
inhibitor (1 µl), AMV Reverse Transcriptase (2 µl), RNase‑free 
ddH2O (5 µl), 5X RT buffer (4 µl). The PCR system (25 µl) 
comprised cDNA (0.5 µl), forward primer (0.5 µl), reverse 
primer (0.5 µl), Taq polymerase (0.2 µl; Sangon Biotech Co., 
Ltd.), dNTP (0.5 µl), 10X Taq Buffer (2.5 µl), MgCl2 (2 µl), 
RNase‑free ddH2O (18.3 µl). Amplification conditions were 
as follows: Pre‑denaturation at 95˚C for 3 min, followed by 
35 cycles of denaturation at 94˚C for 30 sec, annealing at 56˚C 
for 30 sec, extension at 72˚C for 90 sec, final extension at 72˚C 
for 8 min. Primers were synthesized by Sangon Biotech Co., 
Ltd. Primer sequences were as follows: Tumor necrosis factor 
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(TNF)‑α, forward 5'‑GTC​GTA​GCA​AAC​CAC​CAA​GC‑3', 
reverse 5'‑TCA​CAG​AGC​AAT​GAC​TCC​AAA​G‑3'; bile salt 
export pump (BSEP), forward 5'‑GCA​CAG​TTG​CTG​GGA​
TTG​G‑3', reverse 5'‑TTG​GCA​TAG​CTC​GGA​GTA​TAA​GA‑3'; 
β‑actin, forward 5'‑GCA​CAG​TTG​CTG​GGA​TTG​G‑3' and 
reverse 5'‑TTG​GCA​TAG​CTC​GGA​GTA​TAA​GA‑3'.

All PCR products were examined by gel electrophoresis 
and visualized by ethidium bromide staining. The analysis 
of PCR products was performed using a gel documentation 
system (Shanghai Furi Technology Co., Ltd.).

Western blot analysis. Liver tissues was homogenized and 
centrifuged at a speed of 14,917 x g for 15 min at 4˚C. Total 
proteins of liver tissues were extracted using RIPA lysate with 
PMSF (both Beyotime Institute of Biotechnology). After the 
protein concentration in the supernatants was measured using 
a BCA protein assay kit (Beyotime Institute of Biotechnology), 
the protein samples were mixed with 5X SDS loading buffer at 
a ratio of 1:4, then denatured at 95˚C for 10 min. Equal amounts 
of protein (30 µg) were separated via 12% SDS‑PAGE and trans-
ferred to polyvinylidene fluoride membranes (EMD Millipore). 
Following incubation with blocking buffer (5% nonfat milk) for 
2 h at room temperature, membranes were incubated overnight 
at 4˚C with rabbit anti‑BSEP (1:500; cat. no. BS71760; Bioworld 
Technology, Inc.) and anti‑β‑actin (1:1,000; cat. no. TA‑09; 
OriGene Technologies, Inc.) primary antibodies, then washed 
with TBST and incubated with an HRP‑coupled secondary 
antibody (1:10,000; cat.  no.  ZB‑2301; Beijing Zhongshan 
Golden Bridge Biotech Co., Ltd; OriGene Technologies, Inc.) 
for 1 h at room temperature. The immunoblots were rinsed 
extensively with TBS‑Tween 20 (0.1%) and visualized using an 
ECL western blot detection kit (Thermo Fisher Scientific, Inc.). 
Signals were normalized to β‑actin levels, which was used as the 
internal standard. Semi‑quantitative evaluation was performed 
by densitometry using ImageJ software (version 1.51; National 
Institutes of Health).

Statistical analysis. SPSS software (version 22.0; IBM Corp.) 
was used for the statistical analysis. All data are presented 
as the mean  ±  SD. Statistical analysis of the differences 
between groups was performed using one‑way analysis of 
variance (ANOVA) followed by Student Newman‑Keuls test 
as post hoc. P<0.05 was considered to indicate a statistically 
significant difference.

Results

PDTC treatment ameliorates general performance in 
INH/RIF‑induced liver injury. There was no mortality in any 
of the groups. Rats in the INH + RIF group showed loss of 
appetite, listlessness, rough hair coat and slow response to 
external stimuli compared with the control group. In addi-
tion, the skin and mucous membrane of the nose, ears, paws 
and tail were dyed orange. Feces and urine were also clearly 
orange. The general behavior of the rats in the PDTC group 
was almost the same as that of control rats.

PDTC attenuates INH /RIF‑induced liver injury. 
Intraperitoneal administration of INH and RIF at a dose of 
50 mg/kg/day over a period of 28 days produced hepatotoxicity. 

As presented in Table I, the co‑administration of INH and RIF 
significantly increased serum TBA, TBIL, DBIL and ALP 
activity compared with the control (P<0.01). There were no 
significant alterations in the levels of ALT and AST (P>0.05), 
whereas PDTC treatment significantly attenuated the eleva-
tion of serum TBA, TBIL, DBIL and ALP compared with the 
INH + RIF group (P<0.01), which was suggestive of reduced 
injury in liver tissues (Table I). Next, as presented in Fig. 1, 
all animals in the control group showed normal morphology 
(Fig. 1A). The INH + RIF group exhibited moderate to severe 
lobular inflammation and piecemeal necrosis (Fig. 1B). The 
liver histology of the PDTC group exhibited an almost normal 
morphology, with only a low level of liver steatosis and 
occasional infiltration of inflammatory cells (Fig. 1C). Liver 
histopathology was consistent with serum biochemistry in the 
present study.

PDTC treatment alleviates INH/RIF‑induced oxidative 
stress. To evaluate the protective effects of PDTC against 
INH/RIF‑induced oxidative stress, SOD activity and MDA 
content in liver tissue were detected. The SOD activity in 
liver homogenates was significantly decreased in the INH 
+ RIF group compared with the control (P<0.01). However, 
the administration of PDTC significantly attenuated the 
INH/RIF‑induced reduction in SOD activity (P<0.01). 
Similarly, the MDA content was significantly elevated 
following co‑administration of INH and RIF as compared 
with the control group (P<0.01), whereas PDTC treatment 
effectively decreased the INH/RIF‑induced increase in MDA 
content (P<0.01; Fig. 2).

PDTC inhibits INH/RIF‑induced NF‑κB activation. EMSA 
was used to further explore the potential role of NF‑κB in 
INH/RIF‑induced liver injury. Following the co‑administra-
tion of INH and RIF, the NF‑κB DNA‑binding activity of liver 
homogenates was upregulated significantly (P<0.01); PDTC 
treatment markedly inhibited INH/RIF‑induced NF‑κB 
activity (P<0.01; Fig. 3A and B). Furthermore, supershift anal-
ysis using p65 antibody against NF‑κB demonstrated that the 
band was in accordance with the p65 NF‑κB subunit (Fig. 3A). 
These results suggested that NF‑κB activation was involved in 
the pathogenesis of INH and RIF‑induced liver injury.

PDTC prevents INH/RIF‑induced upregulation of TNF‑α and 
downregulation BSEP. To further study the possible mecha-
nisms via which PDTC alleviates INH and RIF‑induced liver 
injury, the levels of TNF‑α and BSEP mRNA gene expression 
were detected in liver tissues via RT‑PCR, and the protein 
expression of BSEP was detected via western blot analysis. 
Compared with the control group, the mRNA expression 
of TNF‑α and BSEP was significantly up‑ and downregu-
lated, respectively, in the INH + RIF group (both P<0.01; 
Fig. 4A and B), and the protein expression of BSEP was also 
significantly decreased in the INH + RIF group (P<0.01; 
Fig. 5A and B). Conversely, compared with the INH + RIF 
group, the mRNA expression of TNF‑α and BSEP was signifi-
cantly decreased and increased, respectively, in the PDTC 
group (P<0.01 and P<0.05, respectively; Fig. 4A and B), and 
the protein expression of BSEP was also significantly elevated 
in the PDTC group (P<0.01; Fig. 5A and B). These results 
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revealed that PDTC could prevent INH/RIF‑induced increases 
in TNF‑α and decreases in BSEP.

Discussion

Liver injury is a highly prevalent clinical disease 
worldwide, with its main types being viral hepatitis, 
drug‑induced liver injury (DILI), alcoholic liver disease, 
hepatic ischemia‑reperfusion injury, non‑alcoholic fatty 
liver disease, hepatocellular carcinoma and hepatic para-
sitic diseases  (18‑20). Drug‑related hepatotoxicity is one 
of the main challenges faced by clinicians, as it is a major 
cause of liver failure characterized by morphological and 

metabolic aberrations in the liver, owing to the fact that the 
liver is the main drug detoxification organ (5). In the present 
study, the co‑administration of INH and RIF (50 mg/kg/day 
for 28  days) successfully induced a hepatotoxic model 
of drug‑induced liver injury in rats characterized by the 
elevation of serum markers, hepatocellular steatosis, 

Figure 2. Effects of PDTC on MDA content and SOD activity in 
INH/RIF‑treated rats. (A) SOD activity. (B) MDA content. **P<0.01. PDTC, 
pyrrolidine dithiocarbamate; MDA, malondialdehyde; SOD, superoxide 
dismutase; INH, isoniazid; RIF, rifampicin.

Figure 1. PDTC treatment improves hepatic injury induced by INH + RIF. Hematoxylin and eosin staining (magnification, x400). (A) Control group. (B) INH 
+ RIF group. (C) PDTC group. PDTC, pyrrolidine dithiocarbamate; INH, isoniazid; RIF, rifampicin.

Figure 3. NF‑κB DNA‑binding activity of rat livers by EMSA. 
(A) R epresentative autoradiogram for each group. Channel 1, negative 
control; channels 2‑4, control group; channels 5‑7, INH + RIF group; chan-
nels 8‑10, PDTC group; channel 11, nuclear extracts incubated with anti‑p65 
antibody; channel 12, negative control of P65 antibody; channel 13, cold 
competition control with a 100‑fold excess of unlabeled probe; channel 14, 
cold competition control with a 100‑fold excess of unlabeled mutant probe; 
channel 15, positive control of NF‑κB activity. (B) Relative amount of 
NF‑κB DNA‑binding activity. **P<0.01. NF‑κB, nuclear factor‑κB. EMSA, 
Electrophoretic mobility shift assay; INH, isoniazid; RIF, rifampicin; 
PDTC, pyrrolidine dithiocarbamate.

Table I. PDTC attenuates liver functional damage induced by INH and RIF.

	 Parameters (mean ± SD)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	N	  TBA (µmo1/l)	 TBIL (µmol/l)	D BIL (µmol/l)	AL P (U/l)	AL T (U/l)	A ST (U/l)

Control	 8	 22.13±2.70	 1.02±0.13	 0.22±0.07	 82.00±8.38	 42.34±5.77	 137.21±12.28
INH + RIF	 8	 44.26±7.75a	 3.80±0.74a	 2.40±0.58a	 117.88±17.59a	 43.05±11.56	 146.29±18.53
PDTC	 8	 22.56±4.08b	 2.20±0.44b	 1.20±0.21b	 93.00±10.07b	 20.32±4.61	 114.32±9.79

aP<0.01 vs. Control; bP<0.01 vs. INH + RIF. INH, isoniazid; RIF, rifampicin; PDTC, pyrrolidine dithiocarbamate; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TBA, total biliary acid; TBIL, total bilirubin; DBIL, direct bilirubin.
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inflammatory cell infiltration, and spotty and focal necrosis, 
consistent with previous studies (13,14,21).

NF‑κB activation has been implicated in the pathogen-
esis of hepatocyte injury in a series of experimental models 
of liver damage (9‑12,16), suggesting that the inhibition of 
NF‑κB could serve as a potential protective candidate against 
various types of liver disease. The present study demonstrated 
that NF‑κB was markedly activated by INH + RIF. PDTC 
treatment protected against INH‑RIF‑induced liver injury 
by attenuating increases in serum TBA, TBIL, DBIL and 
ALP levels, and improving histopathological changes. These 
results suggested a protective effect of PDTC against anti‑TB 
drug‑induced liver injury. The results also showed that the 
PDTC group exhibited a lower level of ALT and AST than the 
control group; however, this was not significant. A previous 
study reported that the level of ALT was lower in a PDTC 
group compared with a control group in a rat model of liver 
injury induced by intestinal ischemia‑reperfusion, which is a 
similar result to the present study (22). However, to the best of 
the authors' knowledge, no study has yet elucidated the specific 
mechanism underlying this phenomenon. Therefore, the results 
should be interpreted with caution, due to the limited number 
of reports, and further large‑scale, well‑designed randomized 
controlled trials on this topic are required.

Previous studies have shown that oxidative stress serves 
an important role in the pathogenesis of INH‑RIF‑induced 
liver injury (21,23), which is generally attributed to the accu-
mulation of ROS, also known as a secondary messenger to 
activate NF‑κB (24,25). The present study showed that hepatic 
SOD activity was markedly decreased following INH + RIF 
administration. Furthermore, the hepatic MDA content was 
significantly elevated, supporting previous observations that 
oxidative stress may play a partial role in INH and RIF‑induced 
liver injury.

PDTC exerts direct antioxidant effects by inhibiting 
free radical generation and scavenging free radicals via its 
chelating activity for metal ions, which may catalyze the 
formation of free radicals (26). Additionally, PDTC has been 
shown to alleviate oxidative injury via the inhibition of oxida-
tive stress in drug‑induced hepatic fibrosis, drug‑induced 
acute kidney injury and gastroesophageal reflux disease in 
experimental models (9,27,28). In the present study, it was 
observed that PDTC administration significantly reversed the 
reduction in SOD activity and attenuated the elevation of the 
MDA level. These results indicated that PDTC might protect 
against INH/RIF‑induced liver injury via its antioxidant 
effects.

A growing body of evidence has indicated that TNF‑α 
plays an important role in the pathogenesis of DILI by 
mediating direct hepatocyte injury and accelerating inflam-
matory cytokine production (29). TNF‑α binding to the TNF 
receptor initiates NF‑κB activation, inducing the expression 
of inflammatory genes and the release of a large number of 
inflammatory factors (30). In addition, TNF‑α has been shown 
to result in ROS generation, mainly through mitochondrial 
pathways or NADPH oxidase  (31,32), which upregulate 
inflammatory cascades and promote liver injury. Results 
from the present study showed that a marked inflammatory 
response in INH and RIF‑induced liver injury, demonstrated 
by inflammatory cell infiltration, markedly activated hepatic 
NF‑κB and upregulated hepatic TNF‑α mRNA. These results 
indicated that the NF‑κB‑mediated upregulation of TNF‑α 
may be involved in the pathogenesis of INH/RIF‑induced liver 
injury. Several studies have shown that PDTC can prevent 
inflammatory injury via the inhibition of NF‑κB and the 
subsequent downregulation of TNF‑α (27,33). In the present 
study, it was found that the administration of PDTC reduced 
inflammation, suppressed NF‑κB activation and resulted in 

Figure 5. Effect of PDTC on the protein expression of BSEP in the liver 
tissues, as determined via western blot analysis. (A) Representative western 
blots for BSEP protein. 1 and 2, Control group; 3 and 4, INH + RIF group; 
5 and 6, PDTC group. (B) BSEP was normalized to the β‑actin protein level. 
**P<0.01. PDTC, pyrrolidine dithiocarbamate; BSEP, bile salt export pump; 
INH, isoniazid; RIF, rifampicin.

Figure 4. Effects of PDTC on the mRNA expression of BSEP and TNF‑α in liver tissues, as determined via reverse transcription‑PCR. (A) Representative 
autoradiogram results. 1, control group; 2, INH + RIF group; 3, PDTC group. (B) Ratio of BSEP and TNF‑α normalized to the β‑actin mRNA level. *P<0.05, 
**P<0.01. INH, isoniazid; RIF, rifampicin; PDTC, pyrrolidine dithiocarbamate; BSEP, bile salt export pump; TNF, tumor necrosis factor.
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the downregulation of TNF‑α mRNA, indicating that the 
anti‑inflammatory action of PDTC partially contributed to 
liver protection.

In the present study, it was observed that the 
INH/RIF‑induced clinical liver dysfunction of rats predomi-
nantly manifested as increased levels of TBA, TBIL, DBIL 
and ALP, which indicated a cholestatic DILI  (34). It has 
been reported that cholestatic liver injury may be associated 
with impaired hepatobiliary transporters expressed at the 
apical membrane of hepatocytes (35). BSEP, an ATP‑binding 
cassette transporter encoded by the ABCB11 gene, is primarily 
localized on the canalicular membrane of hepatocytes and 
regulates conjugated bile acid excretion, as well as hepatic 
excretion of various forms of drugs and their metabolites 
into bile (36). The inhibition of BSEP activity could lead to 
decreased biliary excretion, accumulation of bile salts inside 
hepatocytes and cholestatic liver disease  (37). It has been 
reported that RIF is a competitive inhibitor of BSEP (38). An 
in vitro study also demonstrated that anti‑TB drug administra-
tion markedly downregulated hepatogenic BSEP (39). Results 
from the present study were consistent with previous reports, 
showing a reduction in BSEP coupled with decreased levels of 
TBA, TBIL, DBIL and ALP in INH + RIF‑treated rats, which 
implied that the inhibition of BSEP resulting in the disrup-
tion of bile acid homeostasis may be a potential mechanism 
underlying INH/RIF‑induced liver injury. PDTC treatment 
markedly upregulated BSEP and reversed the elevation of 
serum markers. These results suggested that PDTC may protect 
against INH/RIF‑induced hepatic injury by increasing the 
expression of BSEP. However, the underlying mechanisms of 
PDTC‑induced BSEP upregulation remain poorly understood.

It has previously been indicated that inflammation plays 
a crucial role in cholestatic liver injury (40). Certain studies 
have suggested that BSEP expression can be reduced by proin-
flammatory cytokines activating specific signaling pathways 
during inflammation (41‑43). In the present study, it was found 
that TNF‑α was markedly elevated when NF‑κB was activated 
in INH and RIF‑treated rats with a concurrent decrease in 
BSEP expression, indicating a possible crosstalk between 
BSEP and the NF‑κB/TNF‑α signaling pathways. These data 
were consistent with the hypothesis that inflammation leads 
to the downregulation of BSEP, and that the restoration of 
its expression by inhibiting inflammation in the liver may 
re‑establish bile acid homeostasis (44). PDTC therapy may 
therefore upregulate the expression of BSEP and improve 
cholestasis by controlling inflammatory pathways as a result 
of NF‑κB inhibition.

In conclusion, the findings of the present study indicated 
that PDTC exerted protective effects against INH/RIF‑induced 
hepatic injury. The anti‑inflammatory and antioxidant effects, 
as well as upregulation of BSEP, may underlie the therapeutic 
actions of PDTC in the treatment of INH/RIF‑induced liver 
injury. Moreover, it is important to investigate whether these 
experimental observations can be validated in liver cell 
models. Therefore, future studies will focus on the effect of 
PDTC on anti‑TB‑drug‑induced liver injury in vitro.
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