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Abstract

Pyrazinamide (PZA) is an anti-tuberculosis drug known to causes liver injury. phosphatidylinositol-3-kinase/protein kinase B
(PI3K/Akt) signaling protects against liver injury by promoting cellular antioxidant defenses and reducing intracellular
reactive oxygen species (ROS) and lipid peroxidation. The regulatory mechanisms and functions of PI3K/Akt signaling during
the hepatotoxicity of PZA are however not fully understood. Rats were administered PZA or/and the PI3K activator (740Y-P)
for 7 days. The levels of serum parameters were examined via standard enzymatic techniques and the pathological status of
the liver was confirmed by H & E staining. The levels of lipid peroxidation and antioxidant production were determined
using commercial kits. Liver apoptosis was assessed by TUNEL staining. The expression of apoptosis-related proteins and
PI3K/Akt signaling were assessed by western blot analysis. PZA treatment significantly increased serum alanine
transaminase, aspartate transaminase, gamma-glutamyl transpeptidase and tall bilirubin leading to liver damage in rats.
PZA also facilitated lipid peroxidation and suppressed antioxidant defenses. PZA led to apoptotic induction in rat liver cells
through the downregulation of Bcl-2 and the upregulation of Bax and caspase-3. PZA also dramatically inhibited PI3K/Akt
signaling in rat liver cells. We further verified that PI3K/Akt signaling in response to 740Y-P could attenuate hepatic injury,
lipid peroxidation and apoptosis in rat liver cells in response to PZA. We reveal that PZA-induced liver injury in rats occurs
through PI3k/Akt signaling, the recovery of which prevents liver injury in rat models.

Key words: pyrazinamide, liver injury, lipid peroxidation, antioxidant system, PI3k/Akt

Introduction
Tuberculosis (TB) is a chronic infectious disease that can
endanger public health [1]. TB treatment includes standardized
short-course chemotherapy, consisting of combined rifampicin,
isoniazid, pyrazinamide (PZA) and ethambutol for 6–8 months
[2]. Because of the long-term and high-dose combination of
anti-TB drugs, TB patients display different degrees of adverse
drug reactions during treatment, among which liver injury is
the most common [3, 4]. Indeed, drug-induced liver injury is

the main reason for the discontinuation of patients receiving
TB treatment [5]. In addition, liver injury can increase patient
suffering, delay recovery and endanger the life of patients [6].
In clinical practice, domestic physicians are accustomed to the
preventive application of liver protective drugs to prevent the
occurrence of anti-TB drug-induced liver injury that have largely
failed to reduce the incidence of liver injury [7].

PZA is similar in structure to nicotinamide and can enter
cells to kill bacteria [8]. PZA is an irreplaceable first-line

https://academic.oup.com/


150 Xu et al.

anti-TB drug recommended by the World Health Organization
(WHO) [9] that is a continuous bactericidal drug that kills
both vigorous metabolism and static TB bacteria in an acidic
environment [10]. PZA can shorten the treatment time of
TB patients and has attracted intense research interest [11].
However, the occurrence of adverse reactions caused by PZA
are as high as 49.9%, which is significantly higher than other
first-line anti-TB drugs including rifampicin (adverse reaction
rates = 16.6%) and isoniazid (adverse reaction rates = 11.1%) [12].
The clinical use and patient compliance to PZA are therefore
limited.

Studies on methods to improve PZA drug-induced liver injury
are urgently required [13, 14]. Liver injury is a major cause of
liver disease and death, the mechanisms of which are complex
and include intrahepatic immune responses, lipid peroxidation,
oxidative stress (OS), lipid membrane damage, mitochondrial
dysfunction, cell apoptosis, changes in intracellular ion concen-
trations and metabolic disorders [15–17]. Further exploration of
these mechanism(s) have the potential to alleviate PZA-induced
liver injury.

The cellular and molecular mechanisms for drug-induced
hepatotoxicity are complex [18]. Phosphatidylinositol 3-kinases
(PI3K) specifically catalyze phosphatidylinositol (PI) phosphory-
lation [19] and activate 3-phosphoinositol-dependent kinase 1
(PDK1) by binding to the PH domain at the N terminus of pro-
tein kinase B (Akt). PDK-1 and PDK-2 phosphorylate Thr308 and
Ser473 in Akt, respectively [20], and Akt is phosphorylated and
becomes activated further regulating target genes [21]. PI3K/Akt
signaling has emerged as a crucial signal transduction pathway
in cells with significant effects on cell proliferation, survival,
apoptosis, metabolism, OS and the immune response [22, 23].
Studies have shown that the PI3K/Akt pathway is closely related
to drug-induced liver injury [24–26] but whether PZA-induced
liver damage is associated with PI3K/Akt signaling is not fully
defined.

In this study, we assessed the influence of different con-
centrations of PZA on rat liver damage, lipid peroxidation, the
antioxidant system and apoptosis. We confirmed the regulatory
effects of PZA on the expression of PI3K/Akt in rats and verified
that the PI3K/Akt pathway regulates liver injury in response to
PZA. These data provide a novel solution to alleviate PZA-induced
liver injury to improve patient tolerance during TB treatment.

Materials and Methods
Animals

Sprague Dawley (SD) rats (males, 150–200 g, n = 70) were provided
by the Animal Experiment Center of the Institute of Radiation
Medicine of the Chinese Academy of Medical Science. All ani-
mal programs were approved by Animal Experiment Center of
the Institute of Radiation Medicine of the Chinese Academy of
Medical Science. Prior to the experiments, all the animals were
allowed to adapt to the new environment. Feeding conditions
free access to water and food, temperature: 20–24◦C, humidity:
50–60% and a 12 h light/dark cycle.

Groups

A total of 40 SD rats were randomly divided into 4 groups: control
group (SD rats orally administered 4 ml/kg normal saline for
7 days) and 3 PZA groups (SD rats orally administered 0.5 g/kg,
1 g/kg and 2 g/kg PZA for 7 days) [14, 27]. In addition, a total of
30 SD rats were randomly divided into three groups: PZA (SD rats

orally administered 2 g/kg PZA for 7 days), PZA + vehicle group
(2 g/kg PZA-treated SD rats injected intramuscularly with normal
saline), PZA + 740Y-P group (2 g/kg PZA-treated SD rats injected
intramuscularly with 740Y-P).

Hepatotoxicity assays

After fasting overnight, SD rats were sacrificed under anesthe-
sia through the intraperitoneal injection of 5% chloral hydrate
(200 mg/kg, Sigma-Aldrich). Blood samples were collected from
the abdominal vena cava according to standard enzymatic tech-
niques and the levels of serum alanine transaminase (ALT) and
aspartate transaminase (AST) quantified. Glutamyl transpepti-
dase (γ -GT) and tall bilirubin (TBIL) were examined on an auto-
matic biochemical analyzer.

Hematoxylin and eosin (H&E) staining

Liver tissues of rats treated with different concentrations of
PZA or/and 740Y-P were isolated and fixed in 4% paraformalde-
hyde (Sigma-Aldrich, cat. no. P6148). Tissues were dehydrated
in a gradient of alcohol and tissues were transparently treated
in dimethylbenzene. Tissues were paraffin-embedded and sec-
tioned (5 μm slices). Sections were hematoxylin stained for 5 min
and treated with 5% acetic acid for 1 min and eosin for 1 min.
After dehydration, sections were added to neutral balsam and
images were visualized under a microscope (Nikon, Japan).

Determination of OS markers

Based on the standard procedures, the concentration of thio-
barbituric acid reactive substances (TBARS) [28], reactive oxygen
species (ROS) [29], glutathione peroxidase (GPx) [30], catalase [31]
and glutathione (GSH) were assessed [32].

TUNEL staining

Paraffin-embedded sections were treated with dimethylbenzene
for 5 min, anhydrous ethanol, and 95% and 75% ethanol for
3 min. After washing with phosphate-buffered saline (PBS), sec-
tions were treated with 20 μg/ml Proteinase K for 15 min. After
washing, sections were permeabilized in 0.1% Triton-X and 0.1%
sodium citrate and incubated in 0.1% Tween-20 for 30 min. After
washing, sections were stained in DNA Fragmentation Imaging
Kits (Roche). Images were obtained using a Nikon TE300 micro-
scope (Nikon).

Western blot analysis

Total proteins were isolated from liver tissue using RIPA Lysis
Buffer (Vazyme, cat. no. FD008) with PMSF (Solarbio; cat. no.
P0100–1.5). Protein concentrations were determined by BCA
assay (Beyotime) and equal concentrations were resolved by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
electroblotted onto polyvinylidene fluoride (PVDF) membranes
(Amersham). After blocking in 5% non-fat dry milk, membranes
were labeled in primary antibodies overnight at 4◦C and
probed with HRP-conjugated secondary antibodies. Protein
bands were visualized on an enhanced chemiluminescence
(ECL) detection system (Amersham) following exposure to
X-ray film. Antibodies in the study included anti-glyceraldehyde
3-phosphate dehydrogenase (anti-GAPDH) (Abcam; cat no.
ab37168), anti-Bax (Abcam; cat no. ab32503), anti-Bcl-2 (Abcam,
Cat no. ab32124), anti-caspase-3 (Santa Cruz Biotechnology; cat
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Figure 1: PZA-induced liver injury in rats. Levels of serum parameters including ALT (A), AST (B), γ -GT (C), TBIL (D) were examined in rats treated with 0.5 g/kg, 1 g/kg

and 2 g/kg PZA, respectively, ∗P < 0.05 vs. control group. (E) Pathological status of liver injury determined by H&E staining. Magnification, ×200, scale bar = 25 μm.

no. sc-7148), anti-PI3K (Sigma-Aldrich; cat. no. 5295), anti-p-PI3K
(Bioworld Technology; cat. no. BS4605), anti-Akt (Cell Signaling;
cat. no. 4685) and anti-p-Akt (Cell Signaling Technology; cat. no.
4058s).

Statistical analysis

Data were expressed as mean ± SD from three independent
experiments. Data were analyzed on GraphPad Prism Software
(Ver. Prism 7) or SPSS 20.0 software. Differences were calculated
using one-way analysis of variance followed by Bonferroni post
hoc test. P < 0.05 and P < 0.01 were deemed statistically signifi-
cant.

Results
PZA-induced liver injury in rats

To identify the influence of PZA on liver injury in rats, rats were
orally administered 0.5 g/kg, 1 g/kg and 2 g/kg PZA for 7 days.
The assessment of serum parameters showed that ALT, AST,
γ -GT and TBIL levels were significantly elevated in PZA treat-
ment groups relative to controls, in a dose-dependent manner
(P < 0.05, Fig. 1A and D). In addition, H&E staining revealed that,
in the control group, the hepatic lobules were clearly structured,
hepatic cords were radially arranged, hepatocytes had uniform
cytoplasm and the hepatocytes showed no obvious edema and
steatosis. In the PZA treatment group, rat liver cells showed
edema, cytoplasmic relaxation and obvious ballooning degenera-
tion. In addition, the hepatic cord structures and perisinus space
disappeared, the liver was also accompanied by inflammatory
cell infiltration, and the degree of liver injury gradually increased
with increasing PZA concentrations (Fig. 1E). Our data therefore
showed that PZA could facilitate hepatic injury in rats.

PZA enhanced lipid peroxidation and inhibits the
antioxidant system of rats

We next examined the impact of PZA on lipid peroxidation and
the antioxidant system. Our results confirmed that the levels
of lipid peroxidation (TBARS) were significantly enhanced in
PZA treatment groups compared to control groups in a dose-
dependent-manner (P < 0.05, Fig. 2A). Antioxidant assessments
showed that the levels of SOD, GPx, catalase and GSH were signif-
icantly reduced in the PZA treatment group compared to the con-
trol group, with the reductions showing a dose-dependent effect
(P < 0.05, Fig. 2B and E). These results revealed that PZA could
dramatically promote lipid peroxidation and suppress antioxi-
dant defenses in rats.

PZA promotes apoptosis in rat livers

We next assessed the effects of PZA on rat liver apoptosis
using TUNEL staining. Figure 3A shows that the apoptotic ratio
markedly increased in the PZA treatment group compared
to control groups (P < 0.05) suggesting that PZA accelerated
apoptosis in rat livers. In addition, we explored the mechanisms
by which PZA promotes apoptosis. Western blot analysis revealed
that Bcl-2 was downregulated, whereas Bax and caspase-3
expression were upregulated in the PZA treatment group versus
the control group (P < 0.05, Fig. 3B).

PZA downregulates the expression of PI3K/Akt in rat
liver

To investigate the mechanisms by which PZA induces liver injury
in rats, the expression of components of the PI3K/Akt pathway
were assessed by western blot analysis. As shown in Fig. 4, p-PI3K
and p-Akt expression were significantly downregulated in PZA
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Figure 2: PZA enhances lipid peroxidation and inhibits the antioxidant system of rats. Rats were orally administered 0.5 g/kg, 1 g/kg and 2 g/kg PZA for 7 days and blood

samples were collected. (A) The levels of TBARS were analyzed by treatment of TBA in PZA-treated rats, ∗P < 0.05 vs. control group. The levels of oxidative defense genes

including SOD (B), GPx (C), catalase (D) and GSH (E) were detected using commercial kits in PZA-treated rats, ∗P < 0.05 vs. control group.

treatment groups compared to controls (P < 0.05), indicating that
PZA inhibits PI3K/Akt signaling.

Activation of PI3K/Akt by 740Y-P attenuates
PZA-induced liver injury in rats

To confirm whether PZA promotes liver injury through its ability
to regulate PI3K/Akt signaling, PZA-induced rats were treated
with the PI3K activator (740Y-P). Western blot assays showed that
PZA-induced p-PI3K and p-Akt inhibition were reversed by 740Y-
P treatment (P < 0.05, Fig. 5A). PZA-mediated increases in ALT,
AST, γ -GT and TBIL levels were also significantly inhibited by
740Y-P (P < 0.05, Fig. 5B and E). H&E staining showed that PZA-
mediated liver injury including liver cell edema, inflammatory
cell infiltration and ballooning degeneration were alleviated by
740Y-P treatment (Fig. 5F). This revealed that PI3K activation
could alleviate liver injury in rats in response to PZA.

740Y-P prevents PZA-induced alterations in lipid
peroxidation and the antioxidant system

We next analyzed whether 740Y-P reverses PZA-mediated alter-
ations in lipid peroxidation and the antioxidant system. Rats
induced by PZA were treated with 740Y-P and blood samples were
collected. Lipid peroxidation (TBARS) was significantly decreased
in PZA + 740Y-P groups compared to PZA + vehicle groups
in rat livers, suggesting that 740Y-P could reduce the levels of
TBARS in response to PZA in rats (P < 0.05, Fig. 6A). We further

confirmed that the levels of SOD, GPx, catalase and GSH were
significantly increased in PZA + 740Y-P groups with respect to
PZA + vehicle groups in the rat liver, indicating that 740Y-P could
accelerate antioxidant responses that were prevented by PZA in
rats (P < 0.05, Figure 6B and E).

740Y-P attenuates PZA-induced apoptosis
in rat liver tissue

We next investigated whether 740Y-P could reverse PZA-
mediated apoptosis in the liver tissues of rats. TUNEL staining
showed that PZA-induced apoptosis in liver tissues was
significantly alleviated by 740Y-P treatment (P < 0.05, Fig. 7A).
Western blot analyses also indicated that Bcl-2 expression was
significantly upregulated, whereas Bax and caspase-3 expression
were downregulated in the 740Y-P group compared to vehicle
groups in PZA-treated rat livers (P < 0.05, Fig. 7B). Accordingly,
we these data confirmed that PZA enhanced apoptosis in rat
livers through PI3K/Akt activation.

Discussion
Although PI3K/Akt mediated regulation of gene expression
regulates lipid and glucose metabolism [33], inflammation [34],
ROS [35], fatty acid oxidation [36] and adipocyte differentiation
[37] its role in liver injury induced by PZA is unclear. The aim of
this study was to further clarify the mechanism of liver injury
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Figure 3: PZA promotes apoptosis in rat livers. Rats were also orally administered 0.5 g/kg, 1 g/kg and 2 g/kg PZA for 7 days. (A) Apoptosis in rat livers was confirmed by

TUNEL staining. Magnification, ×200, scale bar = 25 μm. The number of apoptotic cells were quantified, ∗P < 0.05 vs. control group. (B) Western blot analysis of Bcl-2,

Bax and caspase-3 in PZA-treated rats normalized to GAPDH. Values were quantitated according to the gray values, ∗P < 0.05 vs. control group.

Figure 4: PZA downregulates the expression of PI3K/Akt in rat liver. Effects of PZA on PI3K, p-PI3K, Akt and p-Akt expression assessed by western blot analysis in the

liver tissues of rats treated with 0.5 g/kg, 1 g/kg and 2 g/kg PZA. Protein levels were quantitatively analyzed, ∗P < 0.05 vs. control group.
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Figure 5: Activation of PI3K/Akt signaling is attenuated by 740Y-P treatment in PZA-induced rat liver injury models. Rats were treated with 2 g/kg PZA and 740Y-P,

respectively. (A) Western blot analysis of PI3K, p-PI3K, Akt and p-Akt expression in PZA and 740Y-P-treated rats. Quantitative analyses of the PI3K/Akt pathway. ∗P < 0.05

vs. PZA + vehicle group. Influence of 740Y-P on the levels of ALT (B), AST (C), γ -GT (D), TBIL (E) were evaluated in PZA-treated rats, ∗P < 0.05 vs. PZA + vehicle group. (F)

Effects of 740Y-P on the pathological status of liver injury assessed by H&E staining in PZA-treated rats. Magnification, ×200, scale bar = 25 μm.

Figure 6: 740Y-P weakens PZA-induced alterations in lipid peroxidation and antioxidant defenses. Concentration of TBARS (A), SOD (B), GPx (C), catalase (D) and GSH (E)

assessed in PZA and 740Y-P-treated rats, ∗P < 0.05 vs. PZA + vehicle group.
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Figure 7: 740Y-P attenuates PZA-induced apoptosis in the liver tissues of rats. (A) Following treatment with 2 g/kg PZA and 740Y-P, apoptosis was examined by TUNEL

staining. Magnification, ×200, scale bar = 25 μm. Apoptosis was quantitatively analyzed, ∗P < 0.05 vs. PZA + vehicle group. (B) Western blot analysis of apoptosis-

associated proteins in the liver tissues of PZA and 740Y-P-treated rats. Relative expression levels were quantified. ∗P < 0.05 vs. PZA + vehicle group.

induced by PZA. The key findings of this study were that PZA
induces liver injury, enhances lipid peroxidation and apoptosis
and inhibits antioxidant defenses in a dose-dependent manner.
PZA also dramatically inhibited PI3K and Akt phosphorylation
in rat livers and the influence of PZA on liver injury could be
attenuated by PI3K/Akt activation.

Histopathological observations of the liver are the gold
standard for evaluating the degree of liver injury, which is
widely employed in many animal models of liver injury [38].
ALT, AST, γ -GT and TBIL are the most sensitive indices to reflect
liver function [39]. In this study, PZA markedly increased ALT,
AST, γ -GT and TBIL levels in a dose-dependent manner. In
addition, histological results revealed that the liver showed
edema, inflammatory cell infiltration and balloon degeneration

after PZA treatment, the severity of which increased at higher
concentrations.

The hallmark of liver disease is lipid accumulation, which
leads to the formation of lipid droplets in liver cells. This accu-
mulation is caused by an imbalance between lipid synthesis
and oxidation [40]. Compared to healthy patients, patients with
liver disease show high levels of ROS and lipid peroxidation
products, while the expressions of antioxidant enzymes such
as SOD, CAT and GSH, were reduced [41, 42]. OS refers to the
imbalance caused by excess ROS over the effective antioxidant
capacity of cells [43]. ROS induction induces cells into a state of
OS, accompanied by hepatocyte apoptosis that plays a key role
in liver injury [44]. In this study, we demonstrated that PZA could
enhance lipid peroxidation (TBARS) and decrease the levels of
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SOD, GPx, catalase and GSH in rats in a dose-dependent manner.
In addition, PZA could markedly promote apoptosis in rat livers
highlighting its ability to promote liver damage.

ROS can directly interact with key signaling molecules,
including PI3K and Akt to initiate signal transmission in
various cellular processes [45]. Moreover, PI3K/Akt signaling
is crucial to protect the body against various stimuli [46]. The
activation of this pathway did not affect cell apoptosis, survival
or proliferation through the regulation of downstream factors,
such as apoptotic proteins Bax, Bcl-2, caspases and nuclear
transcription factor κ (NF-κB) [47, 48]. The PI3K/Akt pathway
is related to hepatic lipid metabolism, acute liver failure, liver
ischemia/reperfusion injury, liver fibrosis and liver cancer [26,
49–52]. In this study, we further demonstrated that the activation
of the PI3K/Akt pathway by 740Y-P could attenuate changes in
serum indicators, histopathology, lipid peroxidation, antioxidant
systems and liver apoptosis mediated by PZA. We therefore
verified that PZA could accelerate liver damage through its ability
to regulate PI3K/Akt signaling.

Conclusions
In this study, we identified that PZA could alter the pathological
structure of the liver, promote lipid peroxidation and apoptosis
and inhibit the antioxidant capacity of liver cells. More impor-
tantly, we demonstrated that the changes induced by PZA in
rat livers could be markedly weakened by the PI3K activator
(740Y-P). We therefore provide new evidence that furthers our
molecular understanding of liver injury induced by PZA to predict
drug hepatotoxicity. In addition, we provide evidence for the
rational use of PZA in clinical practice. We now aim to study
the influence of both upstream and downstream genes of the
PI3K/Akt pathway on PZA-induced liver injury in future studies.
Besides, we will also focus on the long-term low-dose treatment
of PZA in the liver injury model.
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