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Protective role of boron on hepatotoxicity 
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Abstract 

We conducted a comprehensive investigation into the protective roles of boron (B) against trichloroacetic acid 
(TCA)-induced hepatotoxicity by assessing TCA exposure in vivo and exploring the potential mechanisms by which B 
protects against TCA-induced hepatotoxicity in vitro. For the in vivo study, we evaluated TCA-induced hepatotoxicity 
in adult male B6C3F1 mice exposed to 25, 50, 125, and 500 mg/kg/day of TCA, respectively, for 21 days. We found 
that the mice’s liver weight was significantly increased, and that there were changes in hepatic histopathology, 
particularly in mice treated with the highest dosage (500 mg/kg/day). TCA also increased the hepatic oxidoreductase 
activity of medium-chain and long-chain acyl-coenzyme A (CoA), which are biomarkers of peroxisome proliferation, 
in a dose-dependent manner. Subsequently, we established a TCA-induced HepG2 cell model of oxidative 
damage to estimate the cytotoxicity and determine the positive effects of B administration in vitro. We found 
that B administration significantly reduced oxidative stress by attenuating the production of TCA-induced reactive 
oxygen species and malondialdehyde. B also significantly downregulated the concentrations of certain cytokines, 
including interleukin (IL)-6, IL-8, and transforming growth factor-beta, which are predominantly associated 
with the p38 mitogen-activated protein kinase (MAPK) signaling pathway. In addition, B significantly upregulated 
phospho-p38 levels and downregulated Bax and p21 levels in the cytoplasm and downregulated p38 and p21 levels 
in the nucleus. Taken together, our findings suggest that the protective role of B against TCA-induced hepatotoxicity 
primarily involves alleviation of oxidative damage and cell apoptosis caused by TCA and might be mediated 
via the p38 MAPK pathway.
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Introduction
Trichloroacetic acid (TCA), is a disinfection by-product 
during water chlorination [49]. Although no human 
epidemiological studies have been performed to 
investigate the potential effects of TCA exposure in 
humans, TCA has been shown to induce liver tumors in 
mice [8, 9].

Analysis of the available literature has revealed that 
TCA-induced liver toxicity includes changes in lipid and 
carbohydrate homeostasis that lead to increased hepatic 
weight (due to an increase in cell size, cell number, or 
both) [1, 16, 19, 22, 35, 43] and histopathological changes 
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(centrilobular necrosis, hepatocyte vacuolation, loss 
of hepatic architecture, and hypertrophy of periportal 
region or necrosis). Therefore, the liver has consistently 
been identified as the target organ for TCA toxicity.

Oxidative stress may contribute to TCA toxicity in 
the liver. Several single-dosage or short-term studies 
have shown that TCA induces oxidative stress responses 
(e.g., lipid peroxidation and oxidative DNA damage) [3, 
4, 11, 23]. Lipid peroxidation is an important biomarker 
of oxidative stress and was induced in a dose-dependent 
manner in the livers of mice and rats exposed to TCA 
[31]. The activity of acyl-CoA oxidase which is involved 
in lipid metabolism [17, 18, 25, 37], and 12-hydroxylation 
of lauric acid was found to be significantly increased 
upon exposure to TCA [37]. Oxidative DNA damage, 
measured as the formation of 8-hydroxydeoxyguanosine 
(8-OHdG), is another oxidative stress biomarker. Austin 
et  al. [4] found that haloacetates, including TCA, can 
significantly induce 8-OHdG formation in mice liver [4].

Boron (B) is a naturally occurring trace element that 
protects the liver and supports its development [28]. 
In particular, dietary B intake positively affects liver 
metabolism and reduces the incidence of liver damage 
during early lactation [7, 27]. B can also prevent oxidative 
damage and inflammation, thereby affecting membrane 
receptors and signal transduction [36]. For example, 
borax decahydrate (Na2B4O7.10H2O2) can positively 
affect fatty liver and visceral fat by reducing oxidative 
stress [6]. Although the underlying biomolecular 
mechanisms remain unknown, B counteracts the adverse 
effects of liver diseases by modulating the impacts of 
oxidative stress and restoring normal liver function 
[38]. Recent studies by us suggested that B may decrease 
oxidative stress caused by TCA in BV2 cells [53] and 
showed that B can affect rat plasma metabolomics and 
lipidomics and alter multiple signaling pathways related 
to anti/pro-inflammation processes, antioxidant defense, 
nicotinamide metabolism, steroid hormone biosynthesis, 
and energy homeostasis disturbance in vivo [54].

To date, limited studies have been conducted to 
assess the biomolecular mechanisms underlying the 
noncancerous effects of TCA, particularly in terms 
of cellular signaling pathways. As a metabolite of 
trichloroethylene (TCE), TCA can upregulate the 
expression of p53, p21, and Bax mRNAs and down-
regulate the expression of bcl-2 mRNAs during 
chlorination, highlighting its DNA-damaging potential 
[51]. Although there is no direct evidence showing that 
p38 MAPK is involved in TCA-induced hepatoxicity, 
mounting evidence has revealed that the p38 MAPK 
signaling pathway is sensitive to stress, hypoxia, and 
inflammation and involved in several biological processes, 
including inflammation, cell growth, cell proliferation, 

migration, differentiation, the cell cycle, and apoptosis 
[29]. In addition, p38 MAPK is involved in hepatocellular 
carcinoma, given its participation in cell proliferation, 
migration, invasion, metastasis, autophagy, apoptosis, 
and drug resistance [2, 21, 33]. Evidence also suggests that 
B may affect immune-related genes (PKA, ERK, et  al.) 
through the MAPK signaling pathway [58]. Moreover, 
the expression concentrations of inflammatory cytokines 
(IL-1β), tumor necrosis factor-alpha (TNF-α), and alanine 
transaminase were all increased in a rat model of liver 
injury; however, these concentrations decreased after the 
administration of SB203580, a p38 MAPK inhibitor [60]. 
P21 is a cyclin-dependent kinase inhibitor that promotes 
or inhibits cell proliferation and apoptosis [14, 20, 26, 39, 
41], whereas Bax is an anti-apoptotic indicator that plays 
an important role in signaling.

In the current study, we aimed to expand upon 
our prior in  vivo studies to further assess the health 
influences of B and TCA and the beneficial effects of B 
in vitro by exploring the hepatotoxicity induced by TCA 
and the underlying biomolecular mechanisms. We also 
sought to assess the protective mechanisms of B in vitro, 
based on the hypothesis that B reduces TCA-induced 
hepatotoxicity.

Materials and methods
Chemicals and reagents
HepG2 cells were purchased from the National 
Infrastructure of Cell Line Resource (Beijing, China). 
Analytical grade TCA (CAS 76–03-9) was obtained 
from Sinopharm Group Chemical Reagent Co., Ltd. 
(Beijing, China). Borax (CAS 1303–96-4, 99.5% purity) 
was obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Information on all of the assay reagents is provided in the 
Supporting Information (SI).

Animal experiments
All of the animal experiments and the euthanasia 
procedure were approved, and the procedures were 
performed following the guidelines of Committee of 
Laboratory Animal Welfare & Ethical Review of Institute 
of Environmental and Health Related Product Safety, 
China CDC (No. 2016007). The adaptation of the mice 
prior to the experiments is described in the SI.

After acclimatization, 30 male mice were randomly 
assigned to five groups (n = 6/group). Following the 
previous study, each group was treated with TCA by 
oral gavage for 21 days at dosages of 0, 25, 50, 125, and 
500 mg/kg/day, respectively [37]. The mice’s body weights 
were recorded daily throughout the experiment. After 
21 days of treatment, the mice were sacrificed by cervical 
dislocation. The details of the animal experiments and the 
mice liver histopathology are described in the SI. All of 
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the pathological examinations were conducted following 
the procedures described in a previous report [1].

Liver tissue collection and total protein quantification
In brief, 0.5 g of frozen liver tissue was quickly transferred 
to a mortar surrounded by liquid nitrogen to avoid 
melting and then grounded into powder with a grinding 
pestle. The powder was treated with tissue lysate for 
30 min on ice, and then centrifuged at 10,000 g for 10 min 
at 4  °C. The supernatant was collected and 10 μL was 
used for total protein quantification. The total protein 
concentrations in the liver tissue were measured using 
a commercial kit (GENMED, Shanghai, China). In brief, 
standards and test samples were added into a 96-well 
plate (Corning, NYS, USA) and incubated at 25  °C for 
5 min, after which the optical density was measured at a 
wavelength of 595 nm using a microplate reader (Thermo 
Scientific, MA, USA). A total protein standard curve 
was generated, and the acyl-CoA oxidase activity was 
subsequently examined.

Measurement of Acyl‑CoA oxidase activity
According to the assay kit manufacturer’s instructions, 
liver samples containing 50  μg of total protein were 
added into 96-well plates with the GENMED reaction 
solutions (GENMED, Shanghai, China), and acyl-
CoA oxidase activity was detected at 0 and 5  min 
during the reaction at a wavelength of 500  nm using a 
microplate reader (Thermo Scientific, USA). The oxidase 
activity was calculated using the following formula: 
μM H2O2/min/mg = [(sample reading − background 
reading) × sample dilution factor × 0.25 × 2]/sample 
volume (mL) × 12.78 − 0.6 (optical path distance in 
cm) × 15 [reaction time (min)].

Histopathological analysis
The liver tissues were fixed in 10% neutral buffered 
formalin, embedded in paraffin, and cut into 4-μm 
thick sections for hematoxylin and eosin staining, 
the images of which were recorded under a tissue 
microscope (Olympus, CX31, Japan). The obtained 
results were analyzed by a certified pathologist from 
iPhase Biosciences Co., Ltd (Beijing, China). A minimum 
of five fields per liver slide were evaluated to determine 
morphology. The preparation and staining of the liver 
sections and the grading criteria are shown in the SI: 
(Tables S1 and S2).

Cell culture and treatment
The HepG2 cells were cultured and maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 2.5  mM L-glutamine, 1.2  g/L sodium 

bicarbonate, 15  mM HEPES, and 0.5  mM sodium 
pyruvate (Sigma-Aldrich, MO, USA), and 
supplemented with 8% fetal bovine serum. The cells 
were incubated at 37  °C in a 5% CO2 humidified 
atmosphere to facilitate cell adherence, and treatments 
were initiated when the cell adherence reached ≥ 90%. 
TCA and B solutions were prepared using the medium 
(pH adjusted to 7.0 with NaOH/HCl) and added to the 
cell cultures. Trials were conducted using different 
concentrations of TCA (0.39, 0.78, 1.56, 3.12, 6.25, 
12.5, and 25  mM) and B (0.05, 0.1, 0.2, 0.39, 0.78, 
1.56, 3.12, and 6.25  mM) for 24  h. Based on the pre-
test results, the cells were exposed to preselected 
concentrations of TCA, B, or both (TCA: 6.25, 12.5, 
and 25  mM; B: 0.2 and 0.39  mM). Finally, the most 
suitable B concentration was determined and used 
for the combined exposure experiment. Based on the 
cytotoxicity results, cellular viability and the half-
maximal inhibitory concentrations (IC50s) of single and 
combined exposures were calculated. The preparations 
for TCA and B administration are described in the SI.

Cell viability
Cell viability was evaluated using the WST-8 kit (Jiang 
Lai Biology, Shanghai, China), which is a convenient 
and robust method. This kit uses a water-soluble 
tetrazolium salt that is transformed into an orange 
formazan dye upon bio-reduction in the presence 
of an electron carrier, allowing quantification of the 
number of live cells. In brief, 5,000–10,000 cells/well 
(100 μL for a 96-well plate) were cultivated in the wells 
of a microplate, after which TCA was added and the 
microplate was incubated for 24 h at 37℃ in a 5%-CO2 
incubator. Subsequently, each well was treated with 
TCA and B, followed by 10 μL of WST-8 solution, and 
the microplate was then incubated for 2  h at 37℃ in 
the dark. The absorbance was then recorded at 460 nm 
using a microplate reader (Thermo Scientific, USA).

Detection of 8‑OHdG
The following concentrations were used in the follow-up 
experiments: TCA, 0.78, 1.56, and 3.12 mM; B, 0.2 mM. 
8-OHdG is an oxidized deoxyguanosine derivative, 
and its concentrations within a cell are indicative of 
oxidative stress. The treated cells were centrifuged at 
1200  g for 20  min, and the supernatant was used for 
detection. The samples and horseradish peroxidase 
working solutions were added into the appropriate 
wells, and the plates were incubated at 37 °C for 60 min. 
The solution was discarded, the wells were washed five 
times, and 3,3′,5,5′-tetramethylbenzidine substrate 
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and a stop solution were added to the wells. The optical 
density of each well was determined using a microplate 
reader at 450 nm (Thermo Scientific, USA).

Measurement of ROS
ROS and MDA were determined according to the assay 
kits (Jiang Lai Biology, Shanghai, China). A day before 
the experiment, the cells were seeded directly into 
96-well plates to ensure 80% cell confluency on the day 
of the experiment. Fresh serum-free DMEM media and 
1 × ROS label (10  μmol/L 2′,7′-dichlorodihydrofluoresc
ein diacetate) were added into each well to serve as the 
negative control (serum-free DMEM media), positive 
control (12  mM H2O2), and experimental groups (0.78, 
1.56 and 3.12  mM TCA or their combinations with 
0.2  mM B), and then incubated for 20  min at 37  °C in 
the dark. Then, the cells were treated with 1 × ROS 
label fluorescent probe, and were washed twice with 
1 × wash buffer. The fluorescent values of each well was 
determined using a microplate reader at excitation 
wavelength of 488  nm and emission wavelength of 
525 nm (Thermo Scientific, USA).

Determination of the lipid peroxidation activity
Malondialdehyde (MDA) is a product of lipid oxidation 
and is released under oxidative stress. The concentration 
of lipid oxidation can be detected by measuring MDA 
concentrations. The Lipid Peroxidation MDA Assay Kit 
(Beyotime Biotechnology, China) was used in this study. 
In brief, the treated cells were harvested and lysed with 
a cell lysate. To obtain the standard curve, standard 
concentrations of 1, 2, 5, 10, 20, and 50 μM in the kit were 
then prepared. According to the assay kit’s instruction, 
100 μL of cell samples, PBS, standards and 200 μL of 
MDA working solution were added into Eppendorf 
tubes. After incubation at 100℃ for 15 min, the solution 
was mixed and centrifuged at 1000 g for 10 min at room 
temperature. 200μL of supernatant was added into 
96-well plate to determine and then the absorbance was 
measured at 532 nm using a microplate reader (Thermo 
Scientific, USA).

Quantification of cytokines
The sandwich enzyme-linked immunosorbent assay 
(ELISA method) was used to detect the target protein 
concentrations in the samples. An immune complex 
was formed upon the reaction of antigen and antibody 
and combined with the horseradish peroxidase marker 
streptavidin (HRP-streptavidin) to form a colored 
material. Thus, the target protein concentration was 
quantified by measuring the OD value. All cytokines 
(IL-1β, IL-6, IL-8, TGF-β, and TNF-α; Wuhan Colorful 

Gene Biological Technology, China) were quantified 
examined using ELISA kits. In brief, the standards were 
diluted to six concentrations, after which the samples and 
horseradish peroxidase conjugate reagent were added in 
sequence, and the resulting mixtures were incubated at 
37℃ for 30 min. After the wells were washed five times, 
chromogen and stop solutions were added to the wells, 
and the absorbance was measured at 450  nm using a 
microplate reader (Thermo Scientific, MA, USA).

Protein extraction and western blot
After exposure, the HepG2 cells were collected and 
treated with cytoplasmic protein extraction reagent 
A. The cells were then incubated on ice for 15 min and 
subsequently treated with cytoplasmic protein extraction 
reagent B. The resulting mixtures were centrifuged at 
12.000 g at 4℃ for 5 min, and the obtained supernatant 
was used to determine the cytoplasmic proteins. A 
nuclear protein extraction reagent was then added, and 
the resulting solution was incubated on ice for 30  min. 
Then, the solution was centrifuged (at 1-min intervals) 
at 12,000  g at 4℃ for 10  min. The concentrations of 
cytoplasmic and nuclear proteins from the cultured 
cells were assayed using a BCA Protein Assay kit. The 
automated capillary electrophoresis Simple Western 
System “Jess” (ProteinSimple, San Jose, CA, USA) and 
Compass for SW software (Version 5.0.0) were used to 
quantify the protein concentrations, according to the 
manufacturer’s instructions. Mouse anti-p53 (1:50), 
rabbit anti-p-p53 (1:50), rabbit anti-p38 (1:50), rabbit 
anti-pp38 (1:50), rabbit anti-p21 (1:25), rabbit anti-p16 
(1:25), rabbit anti-Bax (1:50), rabbit anti-B1 (1:25), and 
mouse anti-β-actin (1:50) primary antibodies were used 
for the quantification process (where “p-” = “phospho-”). 
The amount of protein loaded was determined based 
on the amount of protein expressed. For p38, which was 
highly expressed in the cytoplasm, the total protein was 
0.5 g. However, because the expression of p21 and pp38 
MAPK was low, the total protein was 2 g. If p21 and pp38 
MAPK are present in the nucleus, the total protein needs 
to be more than 3 g. The loaded amount of the internal 
control β-actin in the cytoplasm was 0.25  g, and the 
internal control B1 in the nucleus was 1 g.

Statistical analysis
SPSS software version 18.0 (International Business 
Machines Corporation, USA) was used for statistical 
analysis. The data are expressed as means ± standard 
deviations (means ± SDs), and the western blot analysis 
was conducted using GraphPad Prism 5.0 (GraphPad 
Software, CA, USA). Differences between the exposure 
groups were compared using Dunnett’s post-test with a 
one-way analysis of variance. A single asterisk or triangle 
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(* or ∆) indicates a significant difference (p < 0.05), 
whereas double (** or ∆∆) or triple (*** or ∆∆∆) asterisks 
or triangles indicate highly significant differences 
(p < 0.01 or p < 0.001, respectively).

Results
Changes in liver weight parameters of mice exposed 
to TCA​
No deaths were observed in any of the experimental 
groups during the administration of 25, 50, 125, and 
500  mg/kg/day TCA, respectively, by oral gavage over 
21  days. No obvious clinical signs of toxicity, such as 
activity reduction, diarrhea, or weakness, were detected 
in any of the groups. Compared with the control group, 
in the 50, 125, and 500 mg/kg/day experimental groups, 

TCA induced a statistically significant increase in the 
absolute liver weight and liver-to-body weight ratio 
after 3 weeks, and the latter showed a dose-dependent 
relationship (Table 1).

TCA‑induced alterations in liver histopathology and fatty 
acid acyl‑CoA oxidase activity
The hepatocyte cytoplasm was diffuse and loose in all of 
the groups (Fig.  1, SI: Table  S2). Although eosinophilic 
degeneration, hepatic sinusoids of expansion, balloon-
like changes, hepatic sinus compression, and/or narrowly 
compressed focal hepatic sinusoids were detected in the 
first four groups (0, 25, 50 and 125  mg/kg/day TCA), 
many binucleated cells were observed only at the highest-
dosage group (500 mg/kg/day). After exposure to 25, 50, 

Table 1  Growth performance parameters of mice after TCA exposure for 21 days

TCA induces a statistically significant increase in the absolute liver weight and liver-to-body weight ratio at the doses of 50, 125, and 500 mg/kg/day groups. The data 
represent the mean ± SD of six mice for each of five groups. *p < 0.05 represents the statistical significance compared to the control group. Note: Bold values indicates 
significant differences compared to the control group

Group
(mg/kg bw/day)

Body weight
(g)

Weight gain
(%)

Liver weight (g) Liver weight as %
body weight

Control 28.6 ± 1.8 3.1 ± 1.1 1.41 ± 0.12 4.9% ± 0.00

25 28.2 ± 1.2 2.0 ± 1.5 1.50 ± 0.09 5.4% ± 0.00*

50 30.9 ± 0.7 2.3 ± 1.7 1.72 ± 0.13* 5.6% ± 0.00*

125 26.6 ± 0.5 2.7 ± 1.8 1.60 ± 0.06* 6.0% ± 0.00*

500 30.2 ± 1.3 2.2 ± 2.0 1.98 ± 0.13* 6.6% ± 0.00*

Fig. 1  Representative histological changes of liver tissue and activities of medium-chain and long-chain fatty acid acyl-CoA oxidases in the livers 
of mice exposed to TCA. Eosinophilic degeneration (green arrow), hepatic sinusoids of expansion (red arrow), balloon-like changes (black arrow), 
hepatic sinus compression (blue arrow), and focal hepatic sinusoids compressed narrowly (brown arrow) were detected in the control group 
and different exposure groups. The data represents the mean ± SD of six mice for each of five groups. **p < 0.01 and ***p < 0.001 represent 
the statistical significances compared with the control group
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125, and 500 mg/kg/day of TCA, liver oxidative damage 
was evaluated based on the activities of medium-chain 
and long-chain acyl-CoA oxidases. As shown in Fig.  1 
and SI: Table S3, TCA significantly increased the activi-
ties of the medium-chain and long-chain acyl-CoA oxi-
dases, by 1.74- and 1.63-fold and by 2.31- and 2.10-fold at 
dosages of 125 and 500 mg/kg/day, respectively.

B administration reduced TCA‑induced cytotoxicity, 
oxidative stress and cytokine concentrations
To further explore the beneficial effects of B, in vitro stud-
ies were conducted using HepG2 cells exposed to TCA, 
B, and a combination of both. All of the results are pre-
sented in SI: Tables S4, S5. The cell viability of the HepG2 
cells decreased considerably after 24  h of exposure to 
different concentrations of TCA or B alone (Fig. 2A, B). 
The IC50s of TCA and B alone were 2.45 ± 0.23 mM and 
1051 ± 91  μM, respectively (Fig.  2D, E). However, the 
IC50 of TCA combined with B dramatically increased, 
to 12.78 ± 0.17  mM, which was approximately 5.1-fold 
higher than the IC50 of TCA alone (Fig. 2C, F).

TCA also significantly increased ROS and MDA lev-
els (SI: Table S6). As shown in Fig. 3, SI: Table S3, com-
pared with TCA alone, B administration led to a 50% 

reduction in ROS (p < 0.05, Fig. 3A). In addition, although 
TCA did not significantly alter MDA levels, the decrease 
of MDA was one-fold greater than that with the addi-
tion of B (p< 0.05, Fig. 3B). To explore the effects of TCA 
on cytokines, cell culture supernatants were collected 
to determine cytokine concentrations (SI: Table  S7). 
Although TCA failed to reduce IL-6, B administration 
significantly decreased IL-6, to 12% and 20% of which 
in the presence of 1.56 and 3.12  mM of TCA, respec-
tively (p< 0.01, Fig.  3C). TCA exposure alone dramati-
cally reduced IL-8, by approximately 14% to 49% in all 
groups (P < 0.01), and B administration further reduced 
the secretion of IL-8 (p < 0.05, Fig. 3D). Some other ILs, 
such as TNF-α, were not affected by exposure to TCA or 
B, either alone or in combination (Fig.  3E). In contrast, 
IL-1β and TGF-β concentrations were altered at certain 
concentrations (e.g., in the 0.78-mM or 3.12-mM combi-
nation groups; Fig. 3F, G).

The protective role of B administration is mediated 
by the p38 MAPK pathway
B administration altered the expressions of proteins 
within the p38 MAPK pathway. p53, pp53, and p16 lev-
els were all below the detection limit. When HepG2 

Fig. 2  Cell viabilities and IC50 values of HepG2 cells after 24 h exposure to TCA, B, and their combination. A Cellular viability after exposure to TCA; 
B Cellular viability after exposure to B; C Cellular viability after exposure to the combination of TCA and B; D IC50 value for TCA; E IC50 value for B; F 
IC50 value for the combined exposure of TCA and B. Cell survival rates (%) decreased significantly in a dose-dependent manner after the treatments 
of TCA, B, and the combination. The data represents the mean ± SD of ten independent experiments in quadruplicate. *p < 0.05, **p < 0.01, 
and ***p < 0.001 represent the statistical significances compared with the control group
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cells were treated with TCA alone, cytoplasmic Bax 
expression levels significantly increased (Fig.  4A, B), 
but p21 and pp38 did not change (Fig.  4A, C, and D). 
However, Bax and p21 significantly decreased after 
combined exposure compared with that in the TCA 
group (Fig. 4A, B, and C). Furthermore, p38 were acti-
vated by TCA treatment (Fig. 4D). Upon B administra-
tion, the expressions of Bax decreased by approximately 
40%, and the cytoplasmic p21 levels were significantly 
decreased (by one-fold) compared with those in cells 
treated with TCA alone (Fig. 4B, C). Moreover, p38 was 
phosphorylated, and the levels of pp38 were increased 
by approximately one-fold compared with those in the 
control group. In the nucleus, significant (two-fold) 
increases in the Bax but decreases by approximately 
50% in the p21 were observed for the combined group, 
but the p38 expressions were significantly lower in the 
TCA-combined B group than in the control group but 
not less than those in the TCA group (p < 0.01; Fig. 4F, 
G, and H).

Discussion
The increases in the absolute liver weight or liver-to-
body weight ratio observed in this in vivo study suggest 
that TCA may induce hepatoxicity and histopathological 
changes in the liver (e.g., hepatocyte edema, cellular 
osteoporosis, and numerous binucleated cells), further 
confirming that the liver is the main target organ of TCA, 
as reported by previous studies [10, 36]. Earlier reports 
[48] of increases in liver weight rather than significant 
histopathological changes at lower TCA doses (except at 
the highest dose) revealed the compensatory enlargement 
and edema of hepatocytes at these lower doses of TCA. 
The results of the current study are consistent with the 
conclusion that increased hepatic weight is typically 
observed concurrently with or at lower doses than at 
other endpoints following oral dosing with TCA [48].

As a key indicator of oxidative DNA damage, 8-OHdG 
adducts failed to show any significant changes after 
21  days of TCA exposure in this study, consistent with 
the results of some short-term animal exposure studies 
[4, 12, 32, 37]. The levels of another lipid metabolism 

Fig. 3  Levels of ROS, MDA, and cytokines (IL-6, IL-1β, IL-8, TNF-α and TGF-β) in HepG2 cells after 24 h exposure to TCA, B, and the combination. 
A ROS decreased significantly after exposure to B or combined exposure to TCA and B. B MDA down-regulated obviously after exposure to B 
or combined exposure to TCA and B. C IL-6 reduced significantly after combined exposure to TCA and B at the doses of 1.56 and 3.12 mM 
compared with control group. D IL-1β only reduced obviously after exposure to the dose of o.78 mM TCA combined with 0.2 mM B compared 
with either the control group or 0.78 mM TCA group. E IL-8 showed significant decrease in any exposure groups compared with the control group 
and down-regulated at the doses of 0.78- and 1.56 mM TCA after the combined exposure compared with the corresponding TCA group. F TNF-α 
failed to show any obvious changes in any exposure groups. G TGF-β only decreased dramatically after exposure to the dose of 3.12 mM TCA 
combined with 0.2 mM B compared with either the control group or 3.12 mM TCA group. The data represents the mean ± SD of four independent 
experiments in quadruplicate. *p < 0.05, **p < 0.01, and ***p < 0.001 represent the statistical significances compared with the control group. ∆p < 0.05 
and ∆∆p < 0.01 represent the statistical significances compared with the corresponding TCA group
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indicator––medium-chain and long-chain fatty acid 
acyl-CoA oxidases––increased at TCA doses higher than 
125  mg/kg/day. Taken together, all of the above in  vivo 
results suggest that fatty acid acyl-CoA oxidase provides 
a more rapid response than 8-OHdG after short-term 
exposure to TCA and could thus be used as an early 
biomarker of TCA exposure.

Peroxisomes are ubiquitous subcellular organelles 
that contain catalase and hydrogen peroxide-producing 
oxidases, such as fatty acyl-CoA oxidase [30], which is 
the key rate-limiting enzyme in β-oxidation, and are an 
important source of ROS [44]. ROS plays a central role 
in the signaling network regulating essential cellular 
processes [52]. Based on the results of fatty acid acyl-
CoA oxidase activity in  vivo and its important roles in 
oxidative damage, we established an oxidative damage 
model in  vitro to further explore the protective effects 
of B against TCA-induced damage. In a similar in  vivo 
experiment performed by Parrish et  al., B6C3F mice 
were maintained for 3  weeks or 10  weeks on drinking 
water containing TCA at concentrations of 0.1–3.0  g/L 
provided ad  libitum. The liver weight and liver/body 
weight ratios of the mice increased dramatically at both 
21 and 71  days of treatment. Although the 8-OHdG 
concentrations of the treatment group were not 

significantly different from those of the control group 
at 21  days, they were significantly greater than those of 
the control group at 71 days (two-fold greater than that 
at 21 days). Furthermore, the concentrations of cyanide-
insensitive acyl-CoA oxidase activity showed significant 
dose-related increases. However, the histopathological 
changes were not examined and no further reports have 
been published thus far.

B can decrease cellular ROS levels, ultimately averting 
apoptosis [45, 57], and reverse the biochemical effects of 
hepatocyte injury and oxidative stress in hepatocellular 
carcinoma [59]. In the current study, the increases 
of cellular ROS and MDA levels (a biomarker of cell 
membrane injury) were significantly decreased after B 
administration, confirming its antioxidant effects [40]. 
Moreover, inflammatory factors were downregulated 
after combined exposure. IL-8 was significantly 
downregulated in the exposure groups, suggesting 
that IL-8 may be a sensitive biomarker for exposure to 
TCA or B alone. B administration could induce further 
IL-8 decreases when combined with TCA exposure, 
indicating their joint reinforcement. Although IL-6 and 
TGF-β were decreased by the middle and highest doses 
of the combined exposure group, there was no significant 
difference in the concentrations compared with the 

Fig. 4  Protein expression levels of Bax, P21, P38 and PP38 within the cytoplasm and nucleus of HepG2 cells after 24 h exposure to TCA 
and the combination of TCA and B. A Bax, P21, P38 and PP38 were expressed after single TCA exposure or combined exposure in the cytoplasm. 
B In the cytoplasm, Bax increased significantly after TCA exposure and reduced dramatically after combined with B but there was no obvious 
differences between the combined group and the control group. C P21 decreased significantly after single TCA exposure or combined 
exposure in the cytoplasm. D P38 was phosphorylated and PP38 increased significantly after combined exposure in the cytoplasm compared 
with control group. E P21 and P38 were expressed after single TCA exposure or combined exposure in the nucleus. F Bax increased significantly 
in the combined group while decreased in the TCA group compared with the control group. Also, the significant differences were observed 
in TCA group and combined group. G P21 decreased significantly in the TCA group and combined group compared with the control group. H 
The absent phosphorylation of P38 was observed in any exposure group, but the obvious decrease of P38 was shown in the combined group 
compared with the control group. Data are represented as the mean ± SD of at least three independent experiments. *p < 0.05, **p < 0.01, 
and ***p < 0.001 represent the statistical significance compared with the control group. ∆p < 0.05 and ∆∆p < 0.01 represent the statistical significances 
compared with the corresponding TCA group
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TCA exposure group, indicating that the addition of B 
enhanced the downregulation of inflammatory factors. 
These observations corroborate our previous findings 
demonstrating the positive effects of B on oxidative stress 
and inflammation [23, 47, 50],C. [53, 54, 57]. In addition, 
B administration is more likely to alter the cellular ROS 
and MDA levels induced by TCA rather than to affect IL 
concentrations.

Although there is increasing evidence that p38 MAPK 
plays a key role in liver diseases [13, 32], R. [55], the 
hepatoxicity mechanism of TCA is irrelevant in the 
current study because the expressions of p38 MAPK 
were unaffected in the TCA group. However, p38 MAPK 
was phosphorylated after combined exposure, indicating 
that B can activate p38 MAPK in the cytoplasm. In 
the TCA group, upregulation of cytoplasmic Bax and 
downregulation of nuclear p21 and Bax were observed. 
In the combined exposure group, decreases in Bax or p21 
in the cytoplasm and increases in Bax or decreases in p38 
(induced by B) expressions in the nucleus were observed. 
As shown above, the ultimate effects of promoting 
apoptosis or anti-apoptosis depend on the balance 
between these two states. There are two reasons for this. 
First, p21 inhibits cell cycle progression in the nucleus, 
whereas p21 has the opposite effect in the cytoplasm, i.e., 
promotes cell cycle progression and exerts anti-apoptotic 
effects [24]. Second, inactive monomers of Bax protein 
in the cytoplasm are activated by apoptotic signals 
and subsequently insert into the outer mitochondrial 
membrane, thereby destroy its integrity [46]. Therefore, 

both apoptotic and anti-apoptotic effects processes occur 
in the cytoplasm and nucleus, and understanding which 
one is dominant requires further detection of more 
relevant proteins.

From the abovementioned results, we hypothesize 
that p38 MAPK is phosphorylated in the cytoplasm 
and that this process is positively correlated with tumor 
size and poor survival, whereas p38 MAPK downregu-
lation in the nucleus leads to the unrestricted growth 
of liver cancer cells [29, 56]. If so, this would indicate 
that pp38 MAPK causes HepG2 cells to grow, but these 
cells’ death (i.e., hepatocellular carcinoma) would be 
induced by p21 and Bax because they are regulators of 
cell apoptosis [34], highlighting the protective role of B. 
Moreover, changes in p21 may alter the expressions of 
the apoptotic precursor Bax [5, 15], and reductions in 
TGF-β (a p21 regulator) could also promote or inhibit 
cell proliferation [26, 42]. Based on the above analysis, 
we have comprehensively described the signaling path-
ways in which B may participate and exert its antioxi-
dant, anti-inflammatory, or anti-apoptotic effects in, as 
shown in Fig. 5. B may also reduce the oxidative dam-
age and inflammatory responses induced by TCA. With 
the activation of p38 MAPK, the total expression of 
p38 MAPK in the nucleus decreases, and p21 expres-
sion downregulation result in apoptosis may be related 
to the protective role of B. Understanding the entire 
network of the signaling pathways involved in these 
processes and their respective roles will require more 

Fig. 5  Possible signaling pathway involved in the protective role of B on the antioxidant, anti-inflammatory, or cell apoptosis. B may reduce 
oxidative damage and inflammatory responses induced by TCA. The activation of p38 MAPK, total p38 MAPK in the nucleus decreases, and p21 
downregulation causing HepG2 cells apoptosis might be related with B’s protective role
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experimental data, which we will address in our future 
work.

Conclusion
In the present study, our findings demonstrated that the 
hepatotoxicity induced by TCA is due to its impact on 
lipid metabolism and ability to elicit oxidative damage. 
However, the administration of B exhibited a favorable 
impact by enhancing cell survival rates, mitigating 
oxidative damage, and reducing the secretion of certain 
ILs in the presence of TCA. Notably, these results 
underscore the efficacy of B as an antiapoptotic, anti-
inflammatory, and anti-oxidative agent. In addition, the 
beneficial effects of B might be mediated by p21, Bax, 
and p38 MAPK signaling pathways, which may serve 
as a basis for exploring the underlying mechanisms 
responsible for the anti-hepatotoxic effects of B. 
Therefore, our findings provide important clues for 
further in-depth investigation of the effects of B.
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