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			ABSTRACT

		

		
			Nuclear factor κB (NF-κB) regulates the gene expression of eukaryotic cells. This study aims to reveal the changes in NF-κB during the development and progression of liver injury induced by anti-tuberculosis drugs in mice. A total of 168 Kunming mice were randomly divided into four experimental groups and one baseline group. The drug groups were orally administered with isoniazid (H), rifampicin (R), pyrazinamide (Z), and combination of these three drugs (HRZ) at 3, 5, 7, 10, and 15 days, respectively. Liver tissue pathologies and alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities changed, indicating the occurrence of liver injury. Compared with the baseline group, the content of malondialdehyde (MDA) in each drug group gradually increased, and the activity of superoxide dismutase (SOD) gradually decreased, suggesting that oxidative stress reaction occurred in all drug groups. Compared with the baseline group, the mRNA and protein levels of NF-κB and TNF-α in the H group showed an increasing trend, and p-NF-κB and p-IκB also showed an increasing trend. However, these indicators increased first and then slightly decreased in the R, Z and HRZ groups. Among them, the significant changes in the indicators of the HRZ group were earlier than those of other drug groups and the changes were most obvious. The mRNA and protein of IκB in each drug group showed a gradual decline. The NF-κB pathway is activated in different mouse models of first-line anti-tuberculosis drug-induced liver injury and the activation level is different in each drug group. Among them, the NF-κB activation level of the combination therapy group is the highest, and the damage to hepatocyte is more serious than the single drug.
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			INTRODUCTION

			First-line anti-tuberculosis drugs are widely used to curb the spread of tuberculosis, however the incidence of side effects is also increasing. Adverse effects of anti-tuberculosis drugs can affect multiple tissues and organs, and anti-tuberculosis drug-induced liver injury (ADLI) is the most severe one. 

			Even though many researches focused on ADLI, the mechanism of ADLI remains unclear because of its complexity. There are not doubts that ADLI is a multi-factor-mediated disease, in which oxidative stress is one of the most important aspects (Li et al., 2015). Large amounts of reactive oxygen species (ROS) are produced during anti-tuberculosis treatment; the combination of ROS with a liver enzyme or receptor on the cell membrane could trigger cell metabolism disorders and even death (Gupta et al., 2010). Nuclear factor (NF)-κB is the first eukaryotic transcription factor proven to be activated by ROS and is sensitive to oxidative stress; ROS and NF-κB demonstrate a positive feedback effect by activating each other (Morgan and Liu, 2011). NF-κB regulates gene expression in various eukaryotic cells as a transcription factor (Bakkar and Guttridge, 2010). NF-κB and its inhibitory protein IκB (NF-κB Inhibitor, IκB) are combined to be a trimmer in the stationary state, which covers the NF-κB nuclear localization sequence (nuclear translocation signal, NLS) and inhibits translocation. It makes NF-κB exists in the cytoplasm stably as an inactive form which does not participate in gene transcription (Liu et al., 2015). However, activation of NF-κB is essential for cellular survival as the response to oxidative stress (Choi et al., 2016). 

			As an important inflammatory cytokine, TNF-α can activate NF-κB which then promotes TNF-α expression inversely, therefore a vicious cycle emerges in the cytokine network (Liu et al., 2019). The NF-κB activity in liver Kupffer cells, hepatocytes, and sinusoidal endothelial cells is significantly increased in ethanol-caused liver damage which exhibits a high positive correlation with the extent of liver damage (Wang et al., 2017). Although NF-κB has been detected in various liver diseases, the relationship between ADLI and NF-κB still warrants further investigation. Tuberculosis chemotherapy mainly consists of a combination of isoniazid (INH), rifampicin (RFP), and pyrazinamide (PZA), it indicated that the interactions among these drugs increase hepatotoxicity (Miglani et al., 2016). However, the mechanisms of the liver toxicity which involves these three drugs and their combination are still unclear. In this study, mice were modeled with three first-line anti-TB drugs alone and in combination, the degrees of oxidation of liver tissue damage (malondialdehyde, MDA; superoxide dismutase, SOD) were assessed, and the mRNA and protein expression levels of NF-κB, IκB, and TNF-α in liver tissue were measured. Overall results showed that NF-κB is indeed involved in some processes of ADLI.

			MATERIALS AND METHODS

			Animals and modeling

			There are 168 Kunming mice (SPF grade) in total, each weighing 18-22 g, half male and half female, which were obtained from China Fukang Biotechnology Limited (animal license number: SCXK (Beijing) 2016-0006). All animals were fed in SPF Laboratory Animal Center of North China University of Science and Technology, with an interior temperature of 18-22°C and a humidity of 50%-60%. All experiments were performed in accordance with the guidelines for animal research established by the Local Ethics Committee of Animal Experiments at North China University of Science and Technology (Certificate number: LX2018137)

			Animal-free food and water were purchased from China Fukang Biotechnology Company. After adaptive feeding, all animals were randomly divided into four experimental groups and one baseline group. The experimental groups included groups H (INH 90 mg/Kg•d), R (RFP 135 mg/Kg•d), Z (PZA 315 mg/Kg•d), and HRZ (INH 90 mg/Kg•d + RFP 135 mg/Kg•d + PZA 315 mg/Kg•d) where the dose was converted from adult clinical one. And then each experimental group was randomly divided into five groups, namely, 3 d, 5d, 7 d, 10 d, and 15 d group, which corresponded to the mice sacrificed after gavage at 3, 5, 7, 10, and 15 days (n=8 in each group). And other eight rats of baseline group were sacrificed before starting gavage.

			Histopathological changes 

			Mice were sacrificed by cervical dislocation. Liver tissues were isolated, fixed in 10% formalin, sectioned after embedding in paraffin, and then stained with hematoxylin-eosin (HE).

			 

			Detection of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels

			The blood samples of each group were collected by removing mouse’ eyeballs after the last administration with 12 h fasting. Blood samples were centrifuged at 3000 r/min for 10 min to separate serum, which was stored in the refrigerator at -80°C. Serum ALT and AST were detected with a HITACHI 7600-020 automatic biochemical analyzer.

			Measurement of MDA content and SOD vitality of liver tissue

			A portion of liver tissue was sectioned and then added with normal saline by nine times of the volume to prepare 10% homogenate. The homogenate was centrifuged at 3000 r/min for 10 min, and then the supernatant was collected. MDA content and SOD activity were measured using corresponding kits (Nanjing Jiancheng Bioengineering Institute).

			Analyses of liver NF-κB, IκB and TNF-α mRNA expression levels

			Total RNA was extracted from liver tissue with Trizol method and then transcribed reversely into cDNA using M-MLV first-strand synthesis system kit. SYBR Green real-time quantitative PCR amplification was performed to detect the mRNA expression of NF-κB, IκB and TNF-α. The amplification conditions were 94°C for 5 min; 35 cycles of 94°C for 30 s, 63°C for 30 s, and 72°C for 30 s; and 72°C for 5 min.

			Analysis of liver NF-κB, p-NF-κB, IκB, p-IκB and TNF-α proteins expression

			The tissue homogenate was combined with the amount of liver tissue and saline respectively 1:4, centrifuged at 3000 r/min for 10 min, and then the supernatant was collected. The NF-κB, p-NF-κB, IκB, p-IκB and TNF-α proteins were detected by enzyme-linked immunosorbent assay kit (Beijing Dong Song Bo Industry Biotechnology Limited Offer).

			Statistical analysis

			Data were processed using SPSS 22.0. Distributed measurement data were described by mean ± standard deviation. Mean values were compared using Brown-Forsythe of ANOVA, and then the comparison between two groups was performed using LSD method. Differences were considered statistically significant at P<0.05.

			RESULTS

			Anti-tuberculosis drugs prompted histopathologic damages of liver 

			The hepatocytes of the baseline group were arranged radially around the central vein of the liver, and the cells were clear and compact in arrangement without apparent morphological changes. However, each drug group showed obvious morphological changes at the beginning of 3rd day, wherein the cells swelled around the central vein, cytoplasmic vacuolization and nuclear condensation, and the cell gap enlarged or infiltrated by inflammatory cells respectively. On the 15th day, obvious hepatocyte damage was observed in each drug group, suggesting that the model of liver injury induced by anti-tuberculosis drugs has been successfully established. In addition, hepatocyte damage in the HRZ group was found to be more severe than in the single drug groups (Fig. 1).

			Anti-tuberculosis drugs increased serum ALT and AST levels

			Compared with the baseline group, the levels of ALT and AST in the H, R, and Z groups gradually increased with the time of administration (all P<0.05), whereas
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			Fig. 1. Histopathological changes in the liver tissue of mice in each group. Comments: Mice were treated with vehicle for control or anti-tuberculosis drugs for 3, 5, 7, 10, and 15 days, and then liver samples were processed routinely and stained with H&E for morphologic evaluation (original magnification × 100). D: Control; H: isoniazid, R: rifampicin, Z: pyrazinamide, and HRZ: INH + RFP + PZA.

			those in HRZ group initially increased and then decreased (all P<0.05). In the HRZ group, ALT and AST indicators showed significant changes on the 5th day, which were earlier than other drug groups (all P<0.05) (Fig. 2A, 2B).
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			Fig. 2. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels of the different groups. Data are expressed as mean ± SD of n = 8 animals per group. *P<0.05.
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			Fig. 3. MDA content and SOD activity in different groups. Data are expressed as mean ± SD of n = 8 animals per group. *P<0.05.

			Anti-tuberculosis drugs increased MDA level but decreased SOD level

			Compared with the baseline group, the levels of MDA in groups H, R, Z, and HRZ gradually increased during prolonged treatment period (all P<0.05), while the levels of SOD changed in the opposite way (all P<0.05). Compared with the drug groups, the changes in MDA and SOD in the HRZ group were most significant (all P<0.05) (Fig. 3A, 3B).

			Expression trends of NF-κB, IκB and TNF-α mRNA and protein under the anti-tuberculosis drugs 

			Compared with the baseline group, the mRNA, protein and phosphorylated protein levels of NF-κB in H group gradually increased from 1st to 15th day (all P<0.05), whereas those in R, Z, and HRZ groups initially increased and then decreased (all P<0.05). Moreover, the mRNA and protein of the HRZ group showed significant changes on the 5th day, and the p-NF-κB showed significant changes on the 3th day, which was all earlier than other drug groups. Compared with the drug groups, the changes of the indicators in the HRZ group were the most obvious (all P<0.05) (Fig. 4A, 4C).

			Compared with the baseline group, the mRNA and protein levels of IκB in each drug group gradually decreased from 1st to 15th day (all P<0.05), and both showed significant changes on the 7th day (all P<0.05). Compared with the drug groups, the degree of decline was most obvious in the H group and the HRZ group. The p-IκB showed an increasing trend in the H group, while the R, Z and HRZ groups showed increase and then a slight downward trend. The p-IκB in the HRZ group showed a significant change on the 3rd day, which was all earlier than other drug groups. Compared with the drug groups, the HRZ group showed the most obvious change in each index (all P<0.05) (Fig. 4D, 4F).

			The mRNA and protein expression levels of TNF-α were similar to those of NF-κB. Compared with the baseline group, the mRNA and protein expression levels of TNF-α in the H group gradually increased from 1st to 15th day (all P<0.05), while the R, Z and HRZ groups increased first and then decreased (all P<0.05). Compared with the drug groups, the changes of the indicators in the HRZ group were the most obvious (all P<0.05) (Fig. 4G, 4H).

			DISCUSSION

			The MDA and SOD are a group of important oxidases and anti-oxidant enzymes in the body (Jiang et al., 2019). In this study, MDA and SOD of each drug group showed significant changes, and MDA and SOD showed opposite trends, indicating that both single drug and combination drug will damage liver cells through lipid peroxidation. When the body’s oxidation and anti-oxidant balance are destroyed, a large amount of oxygen free radicals are generated, which reduces SOD activity (Sies et al., 2017). In addition, we found that the degree of oxidative damage in the HRZ group was more serious, which may be due to the combination of the three drugs to produce more oxygen free radicals, resulting in a significant reduction in SOD activity. 

			Under normal physiological conditions, NF-κB binds to its inhibitory protein IκB in the cytoplasm, leaving NF-κB in the cytoplasm in an inactive state (Rao et al., 2010). When cells were stimulated by oxidative stress, ΙκB may degrade and separate from NF-κB (Zuo et al., 2017). NF-κB is then activated to shift into the nucleus. Activated NF-κB binds to the κB site of the promoter region of the inflammatory mediator’s target gene, resulting in overexpression of inflammatory mediator genes (Lian et al., 2019). In the results of this study, the mRNA and protein of NF-κB and IκB, as well as p-NF-κB and p-IκB, were significantly changed in each drug group, suggesting that the NF-κB pathway was activated. 

			[image: ]

			Fig. 4. The mRNA and protein expression levels of NF-kB, IkB and TNF-α in different groups. Data are expressed as mean ± SD of n = 8 animals per group. *P<0.05.

			We found that the expression level of NF-κB in group H showed an increasing trend. However, the expression levels of NF-κB in the R, Z and HRZ groups increased first and then decreased slightly, and the difference in the HRZ group was the most significant. Study has shown that immunomodulatory effects of RFP can inhibit NF-κB activation and reduce the production of pro-inflammatory factors (Wang et al., 2013; Zhu et al., 2017). At the same time, human mononuclear cells and mice treated with PZA can inhibit the activation of NF-κB by regulating the NF-κB-dependent pathway (Manca et al., 2013; Sakala et al., 2013). Therefore, we can speculate that INH induces liver damage by inducing oxidative stress and then activating the NF-κB pathway. RFP and PZA can cause hepatotoxicity and induce oxidative stress to induce NF-κB activation, but at the same time may also play an immunomodulatory role to inhibit NF-κB activation, explaining the reasons for the increase in R, Z and HRZ groups. 

			Cytokines induce nuclear translocation of NF-κB by IκB serine phosphorylation (Chen et al., 2017). When NF-κB binds to the κB locus, transcription of certain genes begins or increases (Kastl et al., 2014). In fact, TNF-α is even involved in the subacute phase of liver injury (Filliol et al., 2017). Without IκB, NF-κB is more exposed to TNF-α in mouse fibroblasts, which leads to over-activation of NF-κB (Liu et al., 2019). At the same time, other studies have shown that the increase of inflammatory cytokines (TNF-α and IL-6) can also lead to the activation of NF-κB (Chen et al., 2008; Liang et al., 2017). In the present study, the mRNA and protein expression of TNF-α in H group increased gradually and were higher than those of the other three groups from 10 days. This result indicates that TNF-α is increased when the body takes the INH drug. When NF-κB is activated, it also promotes TNF-α gene transcription, which in turn activates NF-κB. However, the TNF-α index in the R, Z and HRZ groups increased first and then decreased with the prolongation of the administration time. We speculate that the cause may be related to the immunomodulatory effects exerted by RFP and PZA. In addition, study has shown that RFP has the potential to inhibit TNF-induced NF-κB activation while reducing TNF-α production (Pahlevan et al., 2002). The decrease in proinflammatory cytokines and chemokine levels may also occur after PZA treatment (Pahlevan et al., 2002). These observations are consistent with our findings, but the specific mechanisms need to be further explored.

			In summary, our results suggested that NF-κB pathway was activitied in different first-line anti-tubercular drug-induced liver injuries in mice. However, the NF-κB signaling pathway network is enormous and precise, and its role in ADLI deserves further study. Despite the rapid development of modern medicine, few reliable drugs may protect the liver from damage and/or promote the regeneration of liver cells. Therefore, the mechanism by which the activated NF-κB signaling pathway is terminated may become another research focus in the future.

			CONCLUSIONS

			The NF-κB pathway is activated in different mouse models of first-line anti-tuberculosis drug-induced liver injury and the activation level is different in each drug group. Among them, the NF-κB activation level of the combination therapy group is the highest, and the damage to hepatocyte is more serious than the single drug.
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INTRODUCTION

First-line anti-tuberculosis drugs are widely used to
curb the spread of tuberculosis, however the incidence
of side effects is also increasing. Adverse effects of anti-
tuberculosis drugs can affect multiple tissues and organs,
and anti-tuberculosis drug-induced liver injury (ADLI) is
the most severe one.

Even though many researches focused on ADLI,
the mechanism of ADLI remains unclear because of its
complexity. There are not doubts that ADLI is a multi-
factor-mediated disease, in which oxidative stress is one
of the most important aspects (Li ef al., 2015). Large
amounts of reactive oxygen species (ROS) are produced
during anti-tuberculosis treatment; the combination
of ROS with a liver enzyme or receptor on the cell
membrane could trigger cell metabolism disorders and
even death (Gupta ef al., 2010). Nuclear factor (NF)-
kB is the first eukaryotic transcription factor proven to
be activated by ROS and is sensitive to oxidative stress;

ROS and NF-kB demonstrate a positive feedback effect
by activating each other (Morgan and Liu, 2011). NF-xB
regulates gene expression in various eukaryotic cells as a
transcription factor (Bakkar and Guttridge, 2010). NF-xB
and its inhibitory protein IxB (NF-«B Inhibitor, IkB) are
combined to be a trimmer in the stationary state, which
covers the NF-kB nuclear localization sequence (nuclear
translocation signal, NLS) and inhibits translocation. It
makes NF-kB exists in the cytoplasm stably as an inactive
form which does not participate in gene transcription (Liu
et al.,2015). However, activation of NF-kB is essential for
cellular survival as the response to oxidative stress (Choi
etal., 2010).

As an important inflammatory cytokine, TNF-a can
activate NF-kB which then promotes TNF-a expression
inversely, therefore a vicious cycle emerges in the cytokine
network (Liu ef al., 2019). The NF-kB activity in liver
Kupffer cells, hepatocytes, and sinusoidal endothelial cells
is significantly increased in ethanol-caused liver damage
which exhibits a high positive correlation with the extent





