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Summary

Thioacetamide (TAA) is widely used in the production of drugs,
pesticides and dyeing auxiliaries. Moreover, it is a chemical that
can cause liver damage and cancer. TAA has recently been
identified to cause bone damage in animal models. However, the
type of bone damage that TAA causes and its potential
pathogenic mechanisms remain unclear. The toxic effects of TAA
on the femurs of New Zealand white rabbits and the underlying
toxicity mechanism were investigated in this study. Serum
samples, the heart, liver, kidney and femurs were collected from
rabbits after intraperitoneal injection of TAA for 5 months (100
and 200 mg/kg). The New Zealand white rabbits treated with
TAA showed significant weight loss and femoral shortening. The
activities of total bilirubin, total bile acid and gamma-glutamyl
transpeptidase in the serum were increased following treatment
with TAA. In addition, the cortical bone became thinner, and the
trabecular thickness decreased significantly in TAA-treated
rabbits, which was accompanied by significantly decreased
mineral density of the cortical and trabecular bone. Moreover,
there was a significant decrease in modulus of elasticity and
maximum load on bone stress in TAA-treated rabbits. The
western blotting results showed that the expression of
phosphorylated (p)-p38 and p-ERK in femur tissues of rabbits
were increased after TAA administration. Collectively, these
results suggested that TAA may lead to femoral damage in
rabbits by activating the p38/ERK signaling pathway.
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Introduction

Thioacetamide (TAA; C,HsNS) is an organo-
sulfur that has been found to induce liver damage and
cancer, and it is often used in experimental animal
models to induce liver fibrosis [1,2]. TAA undergoes
a two-step bioactivation to TAA sulphoxide, then the
active metabolite TAA-S, S-dioxide (TASO,) [3]. TASO,
binds to other molecules responsible for altering cell
permeability and the movement of calcium ions in and
out of the cell. The disruption of the calcium balance
between the inside and outside of the cell eventually leads
to cell death [4]. The conversion between TAA sulfides
promotes the production of numerous reactive oxygen
species (ROS), which ultimately hinder the antioxidant
mechanisms in the body and damage cell structure and
function [5].

TAA has been identified to cause bone damage
in animal models. As early as 1984, Pauli Virtanen and
Veijo Lassila identified that osteoclastic bone resorption
was increased in the alveolar crest and there was
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sustained calcium’ deficiency in the horizontal bone after
female rats were administered a daily injection of TAA
[6]. Nakano A et al. also observed that the bone volume
of cirrhotic rats treated with thioacetamide was
significantly reduced, and resulting in osteoporosis due to
the combination of low bone formation rate and high
bone resorption rate [7]. Moreover, examination of mouse
bone marrow using the micronucleus test activity
suggested that TAA was a genotoxic carcinogen [8].
However, since then, there have been few studies on the
bone damage caused by TAA, to the best of our
knowledge, and most of the research has focused on the
injury to the liver, kidney and brain [9-11].

Osteoporosis is considered to be one of the
major epidemics of the 21% century, affecting
~200 million individuals worldwide, with significant
morbidity and mortality rates [12]. Osteoporosis is
characterized by a loss of bone tissue area and bone mass.
Specifically, it is an imbalance in the activities of
which

brittleness and causes a higher risk of fractures to the

osteoblasts and osteoclasts, increases bone
bone[13]. Osteoporosis significantly increases the risk of
short height, a hump-like appearance, back pain and even
fractures, which seriously endangers and affects the
quality of life, bringing heavy burdens to patients and
society [14].

The adult skeleton is continuously reshaped to
maintain bone integrity and bone homeostasis via the
strict regulation of bone resorption and formation [15].
The receptor activator of NF-«xB ligand (RANKL) and the
receptor of RANKL form a critical upstream signaling
pathway involved in osteoclast formation, which triggers
various downstream signaling transduction pathways,
such as those involving MAPKs and Akt, ultimately
stimulating the activation of key genes involved in
osteoclast formation [16]. Phosphorylated-ERK (p)-ERK
is a key regulator of the activation of activator protein 1
(AP-1) in bone marrow macrophages [17]. p-p38 is
important in the differentiation of osteoclasts, because it
can promote the expression of tartrate-resistant acid
(TRAP) [18]. In addition,

morphogenetic protein 2 (BMP2) is a major contributor

phosphatase bone
to postnatal bone homeostasis. The lack of BMP2 hinders
the development of bone progenitor cells into bone cells,
and BMP2 provides osteogenic signals that are essential
for the intrinsic repair of bone [19]. Therefore, these
proteins serve important roles in regulating homeostasis
balance and maintaining skeletal integrity.

Overall, it has been reported that TAA may

cause new bone toxicity, in addition to liver and kidney
damage, which may overcome the stereotype of TAA
toxicity [7,8,20]. Although TAA is toxic to various
organs and also carcinogenic, it was widely used for the
synthesis of multiple clinical drugs [21,22]. It was also
widely used in the synthesis of chemical materials,
electroplating, pesticide synthesis and hair dye [23-25].
Therefore, more attention needs to be paid to the damage
caused by TAA, it is supposed that TAA can cause bone
damage similar to osteoporosis. In addition, rabbits are
more suitable for the study of osteoporosis because of
their body size, haversian remodelling and closure of
epiphyseal plate[26]. In this study, we aimed to
investigate the bone toxicity induced by TAA and the
mechanism of action in New Zealand white rabbits.

Methods

Animals and treatment

TAA (purity >98 %) was obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). In this study,
36 healthy male New Zealand white rabbits (2.5-3.0 kg,
14 weeks) were purchased from Xinchang County, Dashi
Town Xin Jian rabbit farm (Zhejiang, China, certificate
no.: SCXK 2015-0004). All the rabbits were housed in
clean metal cages in The Animal Experimental Research
Center of Zhejiang Chinese Medical University. The
animals were kept at 20+2 °C and 50+10 % humidity
with free access to food and water in a 12-hour light/dark
cycle. The rabbits were randomly divided into the control
group (n=12), low-dose group (100 mg/kg, n=12) and
high-dose group (200 mg/kg, n=12), the control group
was intraperitoneally injected with normal saline. Rabbits
were intraperitoneally injected once every 2 days for
20 weeks. The weight was recorded before and after the
experiment. All procedures involving animals were
performed under the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.
The present study was approved by The Animal Ethical
and Welfare Committee of Zhejiang Chinese Medical
University (approval no. IACUC-20181029-02).

Serum biochemical analysis

Venous blood was collected from rabbits (2-3 ml
only), and the serum was obtained by centrifugation
(1,500 x g for 15 min at 4 °C). The activities of alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), total bilirubin (TBIL), bile acid (TBA), gamma-
glutamyl transpeptidase (GGT) and cholinesterase (ChE)
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in the serum were analyzed using a Roche analyzer
(Roche, Basel, Switzerland).

HE, Masson and TRAP staining

The rabbits were anesthetized with an intra-
venous injection of 3 % pentobarbital (100 mg/kg) and
sacrificed by exsanguination. The femur, liver, kidney
and heart were removed after the euthanasia of the
rabbits, and the length of the femur was measured. These
tissues were firstly immersed in 10 % formalin for 24 h.
The femur tissue was immersed in decalcification
solution for 8 weeks, dehydrated in gradient ethanol, and
then deparaffinized in xylene, dipped in the wax and
made into tissue wax block. Paraffin slices of a thickness
of 4 um were used with HE, Masson and TRAP staining
(Jiancheng Bioengineering Institute, Nanjing, China), and
then examined for pathological changes under an optical
microscope RX50 (Ningbo Sunny Instruments Co., Ltd.,
magnification x200).

Micro-CT analysis

Muscle and attachment tissue were removed
from the left femur, and the femur was placed into
a Micro-CT SkyScan 1176 (Bruker, Karlsruhe, Germany)
for X-ray scanning (voltage 90 kV, current 260 pA).
Then, the scanned area of interest (ROI) from the
micro-CT system was selected to analyze the
microstructure of the femur. The test results of trabecular
thickness (Tb.Th), bone volume/tissue volume fraction
(BV/TV, the ratio of bone tissue volume to tissue
volume, directly reflect the change of bone mass)=,
structure model index (SMI) and bone mineral density
(BMD) were collected. SMI is a parameter that describes
the ratio of rod-to-lamellar structures in the structural
composition of trabecular bone. The more rod-like

trabecular bone, the greater the SMI.

Three-point bending test

Biomechanical strength was examined with
an Electronic universal testing machine (Instron,
Massachusetts, USA). The right femur was tested for
three-points bending test; the span was set at 5 cm, and
the load was set at 5 mm/min. The load-deformation
curve was recorded, and the maximum load and elastic
modulus were determined with a calculation according to
the load-deformation curve.

Western blot analysis
The femoral head samples were milled and lysed
with RIPA lysis buffer for extracting total proteins. Each

10 % SDS-PAGE, and
difluoride (PVDF)
membranes. The membrane transfer conditions were
1.5 h and 200 mA. The membranes were then blocked
with 5 % skimmed milk in TBS-Tween 20 (TBST, 0.1 %
Tween 20) buffer, rinsed three times with TBST, and then
incubated with antibodies targeting p-actin (1:5000,
Abcam, Cambridge, England), Runx2 (1:1000), BMP2
(1:1000), p38 (1:1000), p-p38 (1:1000), ERK (1:1000)
and p-ERK (1:1000, Bioss, Beijing, China) overnight at
4°C. After washing with TBST, the membranes were
incubated with the secondary antibody of IgG (1:5000,
Abcam, Cambridge, England) for 2 h. Finally, the protein

sample was separated via

transferred to polyvinylidene

bands were analyzed using Image] 1.8.0 software
(National Institutes of Health).

Statistical analysis

In this study, all data are presented as the mean +
standard deviation (x + S). One-way analysis of variance
(ANOVA) coupled with a post hoc analysis was used to
determine statistical differences of multi-groups. All the
data were analyzed wusing SPSS 25.0
(IBM Corp.). P<0.05 was
a statistically significant difference.

software

considered to indicate

Results

TAA affects the growth of New Zealand white rabbits

The body weight of the New Zealand white
rabbits after treatment with TAA was significantly
decreased by the end of the experiment, especially in the
high-dose group (Fig. 1A). Moreover, in terms of weight
changes (Weight changes = final weight - initial weight),
there were significant differences between the rabbits in
the TAA and control groups. After 20 weeks of
intraperitoneal injection with TAA, the New Zealand
white rabbits demonstrated a significantly decreased body
weight. In addition, the high-dose group lost more weight
compared with the low-dose group (Fig. 1B). Femurs in
rabbits treated with TAA were significantly shorter,
especially in the high-dose group, which appeared to be
shorter and narrower at the same time (Fig. 1C and 1D),
but it may be partly affected by weight loss.

TAA increases the activity of TBIL, TBA and GGT in
serum

No significant increases were observed in ALT,
AST and ChE between the rabbits after treatment with
TAA and the control group (data not shown).
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Fig. 1. Effects of TAA on the femur and body weight of the New Zealand white rabbits. (A) Weight of rabbits in each group at week 20.

(B) Weight change (week 20- week 0) of rabbits in each group. (C) Images of the left femurs in each group. (D) Femoral length of
each group. **P<0.01 vs. control. ##P<0.01 vs. low-dose. TAA, Thioacetamide.
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Fig. 2. Effects of TAA on serum TBIL, TBA and GGT activities. *P<0.05, **P<0.01 vs. control. #P<0.05 vs. low-dose. TAA,
Thioacetamide; TBIL, total bilirubin; TBA, bile acid; GGT, beta-glutamyl transpeptidase.

Furthermore, compared with the control group,
only the activities of TBIL, TBA and GGT were
increased in the New Zealand white rabbits after
treatment with TAA for 20 weeks. There were significant
differences in the TBIL activities between the high-dose
group and the control group (Fig. 2A). The activity of
TBA was increased in the rabbits after treatment with
TAA compared with the control group (Fig. 2B).
Moreover, the activity of GGT in the high-dose group
was higher compared with the control group (Fig. 2C).

Fibrosis of heart, liver, and kidney was increased, as well
as bone resorption after TAA treatment
Histopathological analysis revealed that the heart

tissue showed only mild cardiomyocyte disturbance in
New Zealand white rabbits after TAA intraperitoneal
injection in the HE-stained tissue. In the liver tissue, it
was identified that the hepatic lobule structure was
disordered, liver cells were swollen, there were many
inflammatory cells present and the boundary of the
hepatic lobule was not clear. In the kidney tissue, it was
found that the periglomerular lacunae were widened and
there were many inflammatory cells present. In the
femoral tissue, compared with the control group, the bone
trabecular become sparse and thinner, even resulting in
widened inter trabecular spaces, and the trabecular were
unevenly colored and irregularly arranged (Fig. 3A and
3E). After the tissue was stained with Masson, collagen
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deposition fibrosis in the liver, kidney and heart was
observed in the rabbits after treatment with TAA, and this
was most obvious in the liver (Fig. 3B). In the control
group, the Haversian canals were small, smooth and neat,
and significantly enlarged in the low-dose and high-dose

Femur

groups (Fig. 3C). TRAP staining results of the femoral
tissue showed that TRAP staining was not positive in the
control group, but that there were numerous positive
regions after treatment with TAA, especially in the high-
dose group (Fig. 3D and 3E).
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Fig. 3. Histopathological changes in the heart, liver, kidney and femur after intraperitoneal TAA administration. (A) HE staining;
(B) Masson staining; (C) Haversian system of the femur cross-section stained with HE (D) TRAP staining, purplish red areas show
positive TRAP expression; (E) Quantitative analysis of bone tissue staining. Scale bar, 100 pm. *P<0.05, **P<0.01 vs. control.
##P<0.01 vs. low-dose. “A" represents the inflammatory cells. TAA, Thioacetamide; HE, hematoxylin and eosin; TRAP, Tartrate-

resistant acid phosphatase.

TAA damages the cortical and trabecular bone

Micro-CT was used to detect the changes in the
femoral head microstructure. It was shown that the cortical
bone was destroyed in the rabbits after treatment with
TAA, but that the trabecular number appeared to increase
in the high-dose group (Fig. 4A and 4B). TAA could
decrease BV/TV and BMD in the cortical bone, especially
in the high-dose group, which showed significant changes
while compared with control group. Significant changes in
bone mineral BV/TV, Tb.Th, SMI and BMD were also
found in trabecular bone of TAA-treated rabbits; SMI were
increased, while the Tb.Th was decreased, with more
obvious effects observed in the high-dose group (Fig. 4C).

TAA decreases bone stress
The load-deformation curves were obtained

using a three-point bending test of each groups.
Compared with the control group, significant decreases in
the elastic modulus and maximum load were found in the
rabbits after treatment with TAA. Moreover, compared
with the low-dose group, the elastic modulus was
significantly decreased in the high-dose group (Fig. SA).
Similarly, there was also a significant decrease and dose-
dependent relationship in the maximum load (Fig. 5B).
TAA causes an imbalance in bone-related protein
expression

To investigate whether MAPKs and BMP
signaling pathways are involved in TAA-induced femoral
damage, the expression levels of related proteins were
analyzed via western blot analysis. The results showed
that TAA promoted the expression of BMP2 and Runx2
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proteins in the femoral of rabbits compared with control ~ expression levels of p-p38 and p-ERK were increased;
group, and the protein expression of Runx2 was increased ~ p-ERK expression was found to be increased in a dose-
especially in the high-dose group. In addition, the protein ~ dependent manner (Fig. 6A and 6B).
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Fig. 4. Micro-CT images and corresponding quantitative results of bone microarchitecture in femurs. (A) Three-dimensional image for
micro-CT. (B) Reconstruction image of cortical and trabecular bone. (C) Morphological parameters in the cortical and trabecular bone.
*P<0.05, **P<0.01 vs. control. #P<0.05 and ##P<0.01 vs. low-dose. BV, bone volume; TV, total volume; BMD, bone mineral density;
Tb.Th, trabecular thickness; SMI, Structure model index.
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Fig. 5. Effect of TAA on bone stress in New Zealand white rabbits. (A) The level of the modulus of elasticity. (B) The level of the
maximum load. **P<0.01 vs. control. #P<0.05, ##P<0.01 vs. low-dose. TAA, Thioacetamide.
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factor 2.

Discussion

As key intermediates in organic synthesis,
thioamides have important biological and pharmaceutical
activities and are widely used in industry, having become
The TAA-induced
animal model is often used to study liver fibrosis.

a commercial chemical [27,28].

Prolonged exposure to TAA causes cell damage similar
to human liver fibrosis [29]. The metabolism of TAA
causes oxidative damage to the liver [30], and so, TAA
can induce the markers of liver injury (ALT, AST, GGT),
kidney function parameters (creatinine, urea, uric acid),
inflammation and increase oxidative stress (antioxidant
enzyme, lipid peroxidation, malondialdehyde), resulting
in liver, kidney and brain damage in rats [31-33].
However, studies examining the bone damage caused by
TAA are lacking, except for some early findings.

induced by TAA is
characterized by the increased presence of inflammatory

Hepatic  fibrosis
cells and oxidative stress in rats [34]. In this study, Liver
injury related parameters, including serum ALT, AST,
ChE, TBIL, TBA and GGT activities were measured, and
only the activities of TBIL, TBA and GGT, which are
involved in cholestasis, were significantly increased. The
lack of changes in ALT, AST and ChE indicated that
there was no more damage in the liver cells at week 20.
Serum ALT, AST, TBIL, DBIL and GGT activities were

found to be significantly elevated in TAA-treated rats
[35]. Furthermore, cell necrosis and collagen deposition
in multiple tissues were enhanced in the rabbits after
treatment with TAA, especially in the high-dose group,
according to histopathological findings of HE and
Masson staining. Treatment with TAA causes extensive
vacuolation and inflammatory cell infiltration in Wistar
rat hepatocytes [36]. Ovariectomized (OVX)/TAA treated
SD rats also showed increased hepatocyte necrosis and
infiltration [35]. In the case of exposure to TAA,
extensive hepatocyte apoptosis leads to liver fibrosis,
while ROS release triggers inflammation and further
aggravates cell apoptosis [37].

To assess the association between TAA and
bone, bone-related experiments were performed. Weight
loss occurred in TAA-treated rabbits [38]. In the present
study, TAA induced femur shortening and weight loss in
rabbits. Growth and development were affected by TAA,
thus
shortening. Pathological staining identified that the

resulting in weight loss, including femoral
Haversian canals were dilated, the trabecular space and
osteoclasts were increased in the New Zealand white
rabbits after TAA administration. The histological
findings of osteoporosis are thinning of the cortical bone,
enlargement of the Haversian canal, and reduction of
trabecular bone [39]. The Haversian canal is a major

component of compact bone substance and can be
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significantly enlarged due to bone absorption in
osteoporosis [40]. These results suggest that TAA inhibits
the normal growth of New Zealand white rabbits and
promotes bone resorption in the femur.

To date, the common clinical indicators used to
diagnose osteoporosis are the occurrence of brittle
fracture or loss of bone density, therefore, BMD is an
important indicator of osteoporosis [41]. In this study,
images of the micro-CT showed that the cortical bone
was damaged and thinned after treated with TAA.
Moreover, bone analysis parameters such as BV/TV and
BMD of the cortical bone were decreased. With regards
to the trabecular bone, BV/TV, BMD and Tb.Th were
decreased and the SMI was increased, indicating that
TAA reduced the lamellar structure of trabecular bone.
These effects were more evident in the high-dose group.
A study of Andreas K. Nussler er al. reported that the
BMD, bone volume, trabecular number and trabecular
thickness decreased significantly in CCl4-treated mice
[42]. Moreover, the data observed from the bone stress
detection of the femur in rabbits were consistent with the
results of BMD. It was found that the maximum load and
modulus of elasticity were significantly reduced in the
femur of the rabbits after TAA treatment, especially in
the high-dose group. Therefore, it was concluded that
along with liver and kidney damage, TAA can also cause
damage in the femur, and this occurs in both cortical and
trabecular bones.

Runx?2 is expressed early as a major regulator of
bone formation, serves a role at the intersection of
numerous osteogenesis-related pathways, such as the
BMP signaling pathway [43]. Bone homeostasis in the
adult skeleton is established by the balance between
osteoclasts and osteoblasts [44]. Runx2 and BMP2,
during osteoblast differentiation were significantly
TAA
treatment, which may be due to the imbalance of bone

upregulated in animal femoral tissue after
homeostasis caused by TAA. BMP2 plays important roles
in bone remodeling and homeostasis in adults, and bone
remodeling occurs in adults with osteoporosis [45].
RANKL can induce the activation of MAPKs, such as
p38, ERK and JNK, to promote the formation of murine
osteoclasts [46]. A study by Youn-Hwan Hwang et al.
revealed that persimmon leaves have anti-osteoporosis
effects by inhibiting the protein expression of MAPKs in

OVX-induced bone loss mice [47]. In this study, the

protein expression of p-p38 and p-ERK were significantly
increased in animal femoral tissues after TAA treatment.
This suggests that TAA-induced femoral damage may be
associated with the promotion of p38 activation and ERK
signaling.

TAA-induced bone
decreased formation of new alveolar bone in rats [48].

damage includes the
Moreover, the increase in micronucleated polychromatic
erythrocytes following TAA treatment suggests that TAA
is a genotoxic carcinogen, and the bone volume in TAA-
treated cirrhotic rats is significantly decreased [7, 8]. In
the current study, New Zealand white rabbits treated with
TAA at different doses were found to have severely
damaged femoral cortical and trabecular bones, which
may result in osteoporosis. Furthermore, the effects of
TAA were observed to occur in a dose-dependent
manner. The present results also suggested that TAA
promotes osteoclast differentiation to some extent by
activating p38/ERK signaling pathways, while bone
remodeling after bone injury is mediated by the
upregulation of the BMP signaling pathways. In addition,
the findings of the present study indicated that TAA may
be directly or indirectly associated with bone loss, weight
loss, and fibrosis of the heart, liver and kidneys, which
will be further investigated in subsequent studies.

In conclusion, TAA-treated New Zealand white
rabbits suffered heart, liver and kidney tissue damage,
and their growth and development were inhibited.
Furthermore, TAA caused femoral damage in New
Zealand white rabbits, including in the cortical bone and
trabecular bone in the femur. The underlying mechanism
of the induction of femoral damage may be that TAA
enhances bone resorption in the femur of New Zealand
white rabbits. Moreover, TAA may cause femoral
damage via the p38/ERK signaling pathway.
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