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Background: Humans are frequently exposed to N-nitrosamines through various sources, including diet, cigarette smoking, 
contaminated water, the atmosphere, and endogenous nitrosation. Exposure to these carcinogens may also contribute to the gender- 
specific incidence of liver cancer, which is significantly higher in males than in females, possibly due to the influence of endogenous 
hormones such as testosterone. However, the effect of testosterone on N-nitrosamine-induced liver cancer and its underlying 
mechanism remains unclear.
Purpose: To investigate the effect of testosterone on the development of liver cancer induced by N-nitrosamines exposure.
Patients and Methods: Histopathological and immunohistochemical staining techniques were employed to analyze the expression 
levels and nuclear localizations of key signaling molecules, including androgen receptor (AR), β-catenin, and HMGB1, in both tumor 
and non-tumor regions of liver samples obtained from human patients and mice.
Results: The findings demonstrated a strong correlation between AR and β-catenin in the nuclear region of tumor areas. AR also 
showed a significant correlation with HMGB1 in the cytoplasmic region of non-tumor areas in both human and mice samples. The 
study further analyzed the expression levels and patterns of these three proteins during the progression of liver tumors.
Conclusion: This study confirms that AR has the ability to modulate the expression levels and patterns of β-catenin and HMGB1 
in vivo, thereby exacerbating the progression of liver cancer induced by environmental N-nitrosamines exposure. Importantly, the 
effect of testosterone on the formation of liver cancer induced by environmental N-nitrosamine exposure intensifies this progression. 
These findings have important implications for drug safety in clinical practice and emphasize the significance of reducing 
N-nitrosamines exposure through conscious choices regarding diet and lifestyle to ensure environmental safety.
Keywords: N-nitrosamines, testosterone, exposure, hepatic carcinoma, androgen receptor

Introduction
N-nitrosamines are a class of potent carcinogens that are widely found in the environment.1,2 Humans can be exposed to 
N-nitrosamines through various sources including diet,3,4 cigarette smoking,1,5 contaminated water,4,6–8 atmospheric 
pollution,9,10 and endogenous nitrosation.11,12 In the United States, it has been reported that the maximum daily exposure 
to N-nitrosamines is estimated to be 25,000 ± 4950 ng/d, with tobacco products (22,000 ± 4350 ng/d), food (1900 ± 380 
ng/d), alcohol (1000 ± 200 ng/d), and drinking water (120 ± 24 ng/d) being the major contributors.13 Our previous 
research has shown that even long-term exposure to trace amounts of N-nitrosamines at low frequencies can lead to 
hepatotoxicity.14 Hepatocellular carcinoma (HCC) is the second most common cause of cancer-related deaths 
worldwide,15 and the high incidence of HCC is closely associated with exposure to carcinogenic compounds such as 
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N-nitrosamines.16 Furthermore, epidemiological studies have suggested that gender differences play a significant role in 
the progression of liver diseases, including viral-induced liver injuries, hepatitis, hepatocirrhosis, and ultimately HCC.17 

It has also been observed that the morbidity of HCC shows a sex difference of over 2:1, with male cases accounting for 
35.2 per 100,000 individuals compared to 13.3 per 100,000 in females.18,19 However, the underlying reasons for this 
gender disparity still require further investigation.

Testosterone, an anabolic steroid, serves as the primary male sex hormone in the human body. It plays a crucial role in 
the development of male reproductive organs and the promotion of secondary sexual characteristics. Furthermore, it is 
associated with overall health and well-being for both men and women.20 In addition to its natural occurrence, 
testosterone is also widely used as a medication in the form of testosterone propionate (TP) or 5-alpha- 
dihydrotestosterone (DHT) to address low testosterone levels in men and breast cancer in women. Moreover, several 
studies have investigated the effects of testosterone therapy in men with cirrhosis.21 It is worth noting that rigorous 
attention must be paid to safety concerns prior to conducting any clinical trials. However, as far as our knowledge 
extends, it remains unclear whether commonly utilized testosterone exacerbates N-nitrosamines-induced liver cancer and 
its underlying mechanism. Therefore, studying the hepatotoxicity resulting from combined exposure to N-nitrosamines 
and testosterone, as well as elucidating the underlying mechanism, holds significant importance in guiding drug safety in 
clinical practice and ensuring environmental safety in specific conditions.

The androgen receptor (AR) serves as the direct downstream target of testosterone in the body.1 Previous observations 
have shown elevated levels of AR in HCC tissues.22 Further investigations have revealed a correlation between AR 
overexpression and the formation, metastasis, and invasion of HCC.22–24 The AR functions as a transcriptional factor 
that, upon activation, dissociates from heat shock proteins (Hsp) and translocates from the cytosol into the nucleus to 
regulate the transcription and expression levels of downstream genes by binding to specific regions of DNA known as 
androgen responsive elements (ARE).22,25–27 However, in vivo assessments of AR activation in animal models have not 
been thoroughly examined.

A potential downstream target of the androgen receptor (AR) is the Wnt/β-catenin signaling pathway, which can be 
activated through the activation of cell cycle-related kinase (CCRK).28 Upon phosphorylation of glycogen synthase 
kinase-3beta (GSK-3β), β-catenin accumulates in the cytosol and translocates into the nucleus of liver cells.29 It then 
binds to transcriptional activators, sequentially activating downstream cancer-related genes such as proliferation factors 
c-myc and cyclinD1, migration-related factor CD44, and invasion-related genes MMPs. Consequently, the expression 
levels and patterns of β-catenin are strongly correlated with hepatocellular carcinoma (HCC). Furthermore, mutations in 
β-catenin, which may lead to its malfunction, have been associated with one-third of liver cancer patients.30 However, 
a detailed in vivo evaluation of the relationship between AR and β-catenin is currently lacking.

The high mobility group box 1 protein (HMGB1), expressed ubiquitously in the nucleus of almost all eukaryotic cells, 
interacts with nucleosomes, transcription factors, and histones to regulate DNA replication, repair, recombination, and 
transcription.31 After phosphorylation and acetylation, HMGB1 is translocated into the cytosol32 and subsequently 
secreted into the intercellular space as an inflammatory cytokine mediator.33 HMGB1 has been shown to be associated 
with the activation of cancer-related transcription factors p53, p73, and NF-κB in the nucleus, promoting the invasion of 
cancer cells.34–37 Additionally, HMGB1 can activate matrix metalloproteinase-9 (MMP-9) and −2 through the NF-κB 
pathway, facilitating the invasion of cancer cells.38 Moreover, HMGB1 is capable of promoting the migration of cancer 
cells by inducing Ca2+ influx and subsequently stimulating the production of growth factors.39 However, the upstream 
regulators of HMGB1 during the progression of liver cancer remain to be elucidated.

Therefore, the main objectives of this study were as follows: (1) To evaluate the effect of testosterone on the 
formation of liver cancer induced by environmental N-nitrosamines exposure. The study aimed to understand whether 
testosterone exacerbates the development of liver cancer in the presence of N-nitrosamines. (2) To investigate the 
expression levels and patterns of key signaling molecules including androgen receptor (AR), β-catenin, and HMGB1. 
This analysis was conducted in both mice and liver cancer samples from human patients. The study aimed to determine 
how these molecules are expressed and correlated in the context of liver cancer. (3) To propose an underlying mechanism 
for hepatotoxicity caused by combined exposure to N-nitrosamines and testosterone. The study aimed to elucidate the 
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molecular pathways and interactions that contribute to liver damage resulting from the simultaneous exposure to 
N-nitrosamines and testosterone.

Materials and Methods
Human Samples
Tissue samples from thirty-four HCC patients were obtained from and monitored by the depository of Key Laboratory of 
Chinese Internal Medicine of MOE, Beijing Dongzhimen Hospital, Beijing University of Chinese Medicine. Professional 
pathologists examined the malignant areas that were taken from carcinoma tissues, while the non-cancerous regions were 
obtained from normal tissues located more than 3cm away from the borderline of the cancerous region on the same fixed 
section. All patients involved in the clinical samples provided written informed consent, which was in accordance with 
the ethical requirements of the Helsinki Declaration. All pathological tissue samples were collected and manipulated with 
the approval of the Committee on Ethics of Experiments of the South-Central University for Nationalities, China (Permit 
Number: 2017-SCUEC-MEC-007).40

Animal Care
In this study, animal care and usage followed the guidelines outlined in the Guide for Animal Experimentation of the 
South-Central University for Nationalities and the Committee of Research Facilities for Laboratory Animal Sciences of 
the South-Central University for Nationalities. The protocols used adhered to the guidelines for conducting animal 
studies and received approval from the Committee on the Ethics of Experiments of the South-Central University for 
Nationalities, China (Permit Number: 2016-SCUEC-AEC-003).41 To minimize animal suffering, mice were sacrificed by 
CO2 inhalation under anesthesia. Before the experiment, a total of 80 Kunming mice (males, 6–8 weeks old, initially 
weighing 18 to 22 g) were acclimated under specific pathogen-free (SPF) conditions for seven days.42 Detailed 
experimental procedures and methods are provided in the Supplemental Files.

Preparation of Nanosized Materials
To enhance the solubility and bioavailability of diethylnitrosamine (DEN), we utilized a nanoformulation termed 
nanoDEN, a typical N-nitrosamine. This nanoDEN formulation was chosen based on our previous studies demonstrating 
its ability to enhance oncogenesis and liver cancer development in mice.41 NanoDEN was synthesized using a high- 
pressure microfluidics technique, which has been previously validated for its efficiency and reproducibility in generating 
nanoparticles with consistent size and properties. Detailed methods and parameters used for the synthesis of nanoDEN 
are provided in the Supplemental files.

Experimental Design and Treatments
To investigate the synergistic effects of propionic testosterone (TP) and nanoDEN on liver carcinogenesis, 80 male 
Kunming mice were acclimated for a week and then housed in groups of four. Mice were randomly assigned to four 
groups: Normal group (n=20), Normal +TP group (n=20), NanoDEN group (n=20), and NanoDEN +TP group (n=20). 
The Normal +TP and NanoDEN +TP groups received intraperitoneal injections of TP at 375 mg/kg once a week for three 
weeks. The Normal, Normal +TP, NanoDEN, and NanoDEN +TP groups were orally administered 16.5 mg/kg 
(equivalent to 4WL/10g) of corn oil, corn oil, nanoDEN, and nanoDEN, respectively, once a week until the end of 
week 20. Mice were monitored daily for fur condition, diet, and activity. Weight was recorded weekly, and all mice had 
ad libitum access to food and water, with bedding changed every other day.

Collection of Tissue Samples
Mice were euthanized at weeks 5, 10, 15, and 20 post-treatment. Liver tissues were immediately dissected, weighed, 
photographed, and assessed for morphology, color, and texture. The liver was rinsed in saline to remove surface blood. 
The liver tissue was then divided into two parts: one was fixed in 10% neutral formalin at room temperature for 24 hours 
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for histopathological examination, and the other was immediately stored in liquid nitrogen and subsequently kept at 
−80°C for Western blot analysis.

Histopathological Analysis of Liver Tissues
The liver tissue was fixed in 10% neutral formalin, embedded in paraffin, sectioned at 4μm, and stained with hematoxylin 
and eosin (H&E) or Masson’s trichrome using standard techniques. Histopathological examination of the liver sections 
was performed by pathologists using a Nikon 50i light microscope (Nikon, Tokyo, Japan).41

Immunohistochemical Staining of Liver Tissues
Deparaffinized samples were hydrated, followed by 3% hydrogen peroxide blocking for 15 minutes. The speci-
mens were then immersed in 0.01 M boiling citrate buffer and microwaved for one minute in order to extract 
antigens. Immediately following blocking with 5% BSA (Boster, Wuhan, China) for 40 minutes, the sections were 
incubated overnight at 4°C with primary antibodies against AR (1:100), β-catenin (1:100) and HMGB-1 (1:100), 
respectively. Samples were deparaffinized, hydrated, and blocked with 3% hydrogen peroxide for 15 minutes. Then 
slices were subjected to antigen retrieval by immersing in 0.01 M boiling citrate buffer and heating in 
a microwave oven for 1 minute. Sections were blocked by 5% BSA (Boster, Wuhan, China) for 40 minutes at 
room temperature, and further incubated with primary antibodies against AR (1:100), β-catenin (1:100), and 
HMGB-1 (1:100) at 4°C overnight, respectively.28 Finally, expression of immunoreactivity was visualized by 3,3’- 
diaminobenzidine tetrahydrochloride (DAB; Boster, Wuhan, China) after process of incubating with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (Boster, Wuhan, China) at 37°C for 40 minutes. Using 
hematoxylin as a nuclear counterstain, the slices were then dehydrated in a graded series of alcohol washes and 
mounted with coverslips.41

Scoring System for Evaluating Liver Injury Severity and Index Calculation
In this study, we employed a comprehensive scoring system to gauge the severity of liver injury within our experimental 
models, which is grounded in histopathological assessments. This system scrutinizes specific attributes like hepatocel-
lular necrosis and inflammation, hepatic fibrosis, and hepatic steatosis. Scores for hepatocellular necrosis and inflamma-
tion range from 0 (no evidence) to 3 (extensive damage), while fibrosis scores range from 0 (no evidence) to 3 (extensive 
fibrotic areas). For hepatic steatosis, scores vary from 0 (no evidence) to 3 (large aggregates of fat). Each attribute is 
assigned a score between 0 and 3, and a higher cumulative score denotes more severe liver injury. This scoring was 
carried out by three professional pathologists who were blinded to the experimental groups to ensure an impartial 
assessment of pathological alterations.

In addition to the histopathological scoring, we have integrated a detailed description of the formulas or methods 
used to calculate the liver index and injury index in the method section. This involves assigning scores to the 
severity of liver damage observed in tissue sections stained with hematoxylin and eosin (H&E staining). Each type 
of injury, such as hepatocellular necrosis, inflammation, and fibrosis, is given a score based on its severity, with 0 
indicating absence, 1 for mild, 2 for moderate, and 3 for severe. The Injury Index (Histopathological Score) is then 
calculated as the total score of individual injuries divided by the total number of injuries. This additional detail 
provides clarity on how the liver and injury indices were calculated, ensuring transparency and reproducibility of 
our evaluation methods.

Statistical Analysis
The expression and localization data of human and mouse samples were collected from at least nine different views of 
three different sample slices per sample. The means ± SEM were used to present data. GraphPad Prism 5.0.1 software 
package was used for the statistical analyses. The detailed methods for statistics were included in the Supplemental files. 
The significance between groups were calculated with two-tailed tests. † represents p > 0.05, and *** and *** represent 
significant difference with p < 0.05, 0.01 and 0.001, respectively.
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Results
Food and Water Intake
During the course of the experiment, both the nanoDEN and nanoDEN + TP groups exhibited a reduction in food and 
water intake. However, the most significant decrease was observed in the nanoDEN + TP group, especially after week 15. 
Compared to the control and other treatment groups, the mice in the nanoDEN + TP group consumed markedly less food 
and water. This pronounced reduction in both food and water intake in the nanoDEN + TP group may indicate an overall 
decline in health or discomfort experienced by the animals.

Testosterone Exacerbated Liver Damage and Tumor Formation in nanoDEN-Treated 
Mice
To investigate whether activation of AR could enhance tumor formation in mice, a liver tumor model was developed by 
treating mice with TP, a prototypical testosterone compound. As depicted in Figure 1, both the liver index and injury 
index were significantly exacerbated in the nanoDEN + TP group, compared to either the normal + TP group or the 
nanoDEN group.

It’s crucial to note the time-dependent effects observed in our study. At week 15, significant associations were 
observed in both the nanoDEN + TP group and the nanoDEN group individually, suggesting that nanoDEN alone or in 
combination with TP contributed to liver tumor formation at this stage (p < 0.05). However, by week 20, the relationship 
between the nanoDEN + TP group and the TP-only group became non-significant (p > 0.05). Yet, the nanoDEN + TP 
group still showed a significant association with liver tumor formation when compared to the nanoDEN group (p < 0.05).

These findings suggest a possible dose-dependent effect of nanoDEN as the study progressed. With the increasing 
dosage of nanoDEN towards the end of the experiment, the influence of TP seemed to diminish, emphasizing the potency 
of nanoDEN in promoting liver tumor formation.

Furthermore, it is noteworthy that inflammation in liver tissues appeared earlier in the TP-injected nanoDEN group, 
indicating that TP not only intensifies tumor formation but also inflicts greater harm on the liver.

Activation of AR Changed Expression Patterns of β-Catenin and HMGB1 During the 
Progression of Liver Tumor in Mice
To further investigate the relationship between different factors, liver samples from the aforementioned mice were 
collected and subjected to immunohistochemistry (IHC) staining. The results demonstrated that the expression of AR was 
elevated in the nanoDEN + TP group during the initial 15 weeks (Figure 2). However, in the liver samples obtained from 
mice at week 20, the cytosolic expression of AR in the nanoDEN group increased and showed no significant difference 
compared to the nanoDEN + TP group. In contrast, there was a significant upregulation of nuclear AR expression in the 
nanoDEN + TP group at week 20, surpassing all other three groups. These findings indicate a correlation between tumor 
formation and the elevation of nuclear AR expression, similar to what was observed in the human samples.

As illustrated in Figure 3, histochemical staining revealed distinct patterns of β-catenin expression in the liver 
samples. Specifically, the nuclear expression of β-catenin was significantly increased in the nanoDEN + TP group 
compared to the TP-only group during the 5th and 20th weeks. However, it remained relatively low in both groups during 
the 10th and 15th weeks. Conversely, a slight elevation in cytosolic expression of β-catenin was observed in the 
nanoDEN + TP group during the 10th week, but this pattern dissipated in the subsequent weeks.

The nuclear localization of HMGB1 showed a unique pattern across the treatment groups, as demonstrated in 
Figure 4. Upon TP administration, nuclear HMGB1 expression increased in both the TP and nanoDEN + TP groups 
during the 10th week. Subsequently, its nuclear expression decreased in the 15th and 20th weeks, although the levels still 
surpassed those in the TP untreated groups during the 15th week. Notably, nanoDEN treatment led to an increase in 
nuclear HMGB1 expression in the 20th week. The correlations between AR, β-catenin, and HMGB1 are summarized in 
Table S1. Specifically, the expression of AR correlated strongly with cytoplasmic β-catenin in the mice during the 5th 
week, while β-catenin showed a strong correlation with nuclear HMGB1 in the 10th week. Furthermore, the expression 
patterns of these factors were confirmed by Western blot analysis, as depicted in Figure S1.
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Figure 1 TP exacerbated liver damage and tumor formation in nanoDEN-treated mice. 
Notes: (A) The application protocol for mice model establishment. (B) Representative graphs of liver samples collected from mice. Red arrow indicated a tumor observed 
in the nanoDEN + TP group. (C) The weights of livers in different groups of mice. (D) The liver indices in different groups of mice. (E) H&E staining of liver samples from 
mice. Inflammation was indicated by black arrows; steatosis was indicated by yellow arrows; non-tumor or tumor areas were split by white dashes. Scale bar, 50 μm. (F) The 
summary of liver injury indices of liver samples from mice. n = 5 per group. * represents significant difference with p < 0.05, while † represents p > 0.05.
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Figure 2 Nuclear expression of AR was significantly elevated after TP injection in nanoDEN-treated mice. 
Notes: (A) Representative graphs showing IHC staining patterns of AR expression in liver samples of nanoDEN-treated mice. Scale bar, 50 μm. Non-tumor or tumor areas 
were split by white dashes. (B) The summary of expressions of AR in liver samples of nanoDEN-treated mice. n = 5 per group. *, ** and *** represents significant difference 
with p < 0.05, 0.01 and 0.001, respectively, while † represents p > 0.05.

Figure 3 Nuclear expression of β-catenin was significantly elevated after TP injection in nanoDEN-treated mice. 
Notes: (A) Representative graphs showing IHC staining patterns of β-catenin expression in liver samples of nanoDEN-treated mice. Scale bar, 50 μm. Non-tumor or tumor 
areas were split by white dashes. (B) The summary of expressions of β-catenin in liver samples of nanoDEN-treated mice. n = 5 per group. *, ** and *** represents significant 
difference with p < 0.05, 0.01 and 0.001, respectively, while † represents p > 0.05.
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These results indicate that the administration of TP effectively promoted the nuclear localization of AR, thereby 
facilitating the nuclear localization of β-catenin during the initial stages of TP treatment and tumor formation. 
Concurrently, TP treatment also enhanced the nuclear localization of HMGB-1 in the early phase of liver damage.

The Expressions of AR, β-Catenin and HMGB1 Were Different in Non-Tumor or 
Tumor Areas in Liver Samples of Mice
To further verify our findings, we analyzed the expression and patterns of these three pivotal factors in non-tumor or 
tumor areas of liver samples from mice at week 20. The results corresponding to the 20th week are presented in Figure 5. 
Notably, the correlations between these factors were calculated and summarized in Table S2, which showed a positive 
correlation between AR and β-catenin in the nucleus of tumor areas, and between AR and HMGB-1 in the cytoplasm of 
non-tumor areas.

The Expressions of AR, β-Catenin and HMGB1 Were Different in Non-Tumor or 
Tumor Areas in Liver Samples of HCC Patients
In order to investigate whether the expressions of pivotal factors, such as AR, β-catenin, and HMGB1, were altered in the 
livers of HCC patients, we collected 34 liver samples and performed histopathological analysis. As depicted in Figure 6, 
the protein expression of cytoplasm-localized AR did not show significant differences between tumor and non-tumor 
areas. However, there was a notable increase in the nuclear localization of AR, with a significantly higher rate observed 
in the tumor areas. For β-catenin, both cytoplasmic and nuclear expressions were significantly up-regulated. Although the 
rate of nuclear localization showed an increase, the difference in enhancement between averages was not substantial. In 
contrast, the expression of HMGB1 decreased in the cytoplasm but increased in the nucleus, resulting in a significant rise 
in the rate of nuclear localization.

Figure 4 Nuclear expression of HMGB-1 was significantly elevated after TP injection in nanoDEN-treated mice. 
Notes: (A) Representative graphs showing IHC staining patterns of HMGB1 expression in liver samples of nanoDEN-treated mice. Scale bar, 50μm. Non-tumor or tumor 
areas were split by white dashes. (B) The summary of expressions of HMGB-1 in liver samples of nanoDEN-treated mice. n = 5 per group. *, ** and *** represents significant 
difference with p < 0.05, 0.01 and 0.001, respectively, while † represents p > 0.05.

https://doi.org/10.2147/OTT.S456746                                                                                                                                                                                                                                  

DovePress                                                                                                                                                            

OncoTargets and Therapy 2024:17 402

Yin et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=456746.doc
https://www.dovepress.com
https://www.dovepress.com


To investigate the correlations among these factors in liver samples, we utilized the Pearson correlation coefficient. 
The results, depicted in Figure 7, indicated that the expression pattern of AR was, at least partially, correlated with that of 
HMGB-1 in the non-tumor area, while the expression pattern of AR was correlated with that of β-catenin in the tumor 
area. These findings suggest that the activation and nuclear localization of AR could potentially influence the expression 
patterns of both β-catenin and HMGB-1, thereby impacting the development of liver cancer. These results are consistent 
with our findings from animal experiments.

After analyzing the expression levels of AR, β-catenin, and HMGB-1 in liver samples from HCC patients, we further 
examined the correlations between these protein expressions and various clinical factors. Table S3 summarizes the 
correlations between protein overexpression and different clinical parameters, including sex, age, tumor size, encapsula-
tion, and tumor differentiation.

Discussion
N-nitrosamines are widely recognized as carcinogens in our daily lives.13 The carcinogenic potential of N-nitrosamines was 
first reported approximately 80 years ago in 1937 when it was discovered that dimethylnitrosamine (DMN) could induce liver 

Figure 5 The expressions of AR, β-catenin and HMGB-1 were different in non-tumor or tumor areas in liver samples of mice. (A). 
Notes: (A) Representative graphs of IHC staining of AR, β-catenin and HMGB-1 in non-tumor or tumor areas of liver samples from mice. Scale bar, 50 μm. Non-tumor or 
tumor areas were split by white dashes. (B) The summary of the cytosolic and nuclear expressions of proteins in non-tumor or tumor areas of liver samples from mice. n = 
5 per group. *, ** and *** represents significant difference with p < 0.05, 0.01 and 0.001, respectively.
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damage in humans.43 Since then, N-nitrosamines have been widely acknowledged as potent environmental carcinogens 
associated with liver damage and HCC development.44 However, the hepatotoxicity of N-nitrosamines varies due to factors 
such as genetic background, sex, and age of the mice. Despite the variability, the role of N-nitrosamines in liver carcinogenesis 
is significant, especially considering our findings that co-exposure to TP exacerbates liver tumor formation following 
nanoDEN exposure through the activation of AR (the male hormonal receptor). Our experiments underscore the importance 
of timing in the progression of liver tumors. Early exposure to TP acts as a risk factor, accelerating liver damage processes like 
hepatitis, steatosis, and cancer formation. These observations align with previous studies suggesting a potential link between 
decreased testosterone levels and the progression of liver fibrosis to cancer.45–47

Epidemiological data consistently reveals a higher prevalence of liver cancer in males than females. Our study further 
elucidates this by demonstrating a close correlation among AR, β-catenin (a key molecule in the Wnt signaling pathway), 
and HMGB1 (a non-histone chromatin-associated protein involved in various cancers) in both human and mouse liver 
cancer samples. Importantly, our nanoDEN-induced liver cancer model allows us to assess the expression patterns of 
these factors over time, revealing dynamic interactions among them that occur in a time-dependent manner.

β-catenin, a key molecule in the Wnt/Frizzled signaling pathway, has been extensively studied in various cancers, 
including HCC.48 In line with this, we identified a potential link between AR and β-catenin during liver tumor formation, 
particularly in the nucleus of tumorous areas in both human and mouse samples. It is worth noting that while nuclear 
expression of AR continuously increased, nuclear expression of β-catenin initially decreased for the first 10 weeks but 

Figure 6 The expressions of AR, β-catenin and HMGB1 in the cytoplasmic or nuclear regions of the non-tumor or tumor areas in liver samples of HCC patients. 
Notes: (A) Representative graphs of immunohistochemical staining (Blue: haematoxylin; Brown: DAB, antibody for indicated proteins) in liver samples of HCC patients. 
Scale bar, 50 μm. (B) Summary data of (A). n = 34 pairs of samples. *, ** and *** represents significant difference with p < 0.05, 0.01 and 0.001, respectively.
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showed an increase in the latter 10 weeks, suggesting the involvement of other signaling molecules and the potential 
bidirectional regulation by AR in different phases of oncogenesis.

It is widely acknowledged that AR plays vital roles in the development of male reproductive tissues, promotion of 
secondary sexual characteristics, and normal bodily functions such as growth, metabolism, and brain development. 
Recent studies have linked AR overexpression to various pathways in HCC cell lines or patients, including the Akt/ 
mTOR pathway,49 the pSTAT3/pAKT/pERK pathways50 and transcriptional factor activity of ETS-1.51 However, the 
effect of AR activation through its endogenous ligands, such as TP (the propionate form of testosterone), during the 
progression of HCC remains uninvestigated.

Early studies have demonstrated that HMGB1 can enhance the DNA binding ability of hormone receptors, including 
AR.46,52,53 However, the relationship between HMGB1 and AR in HCC remains unclear. In our study, we observed 

Figure 7 The correlations between the expressions of AR, β-catenin and HMGB1 in the cytoplasmic or nuclear regions of the non-tumor or tumor areas in liver samples of 
HCC patients. 
Notes: (A) Representative graphs showing the differences of staining patterns between non-tumor or tumor areas in liver samples of HCC patients. Scale bar, 50 μm. (B) 
The correlations between the expressions of AR, β-catenin and HMGB1. The Pearson’s correlation co-efficiencies were indicated on the right corner, possible correlations 
were indicated as red. n = 34 pairs of samples.
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positive correlations between HMGB1 and AR in both human HCC and mice liver cancer samples. Notably, these 
correlations were primarily observed in the cytosol of tumor-adjacent regions (or non-tumor areas as previously 
indicated). Since HMGB1 is closely associated with the migration and invasion of cancer cells, our findings provide 
new insights into a potential regulatory mechanism in tumor formation.

The observed time-dependent changes in the expression of AR, β-catenin, and HMGB1 provide valuable insights into 
the dynamic nature of these proteins during liver tumorigenesis. In the initial stages of TP treatment and tumor induction, 
there was a notable elevation in the expression of AR in the nanoDEN + TP group, particularly during the first 15 weeks. 
This increase in AR expression was concurrent with an upregulation in the nuclear expression of β-catenin. Notably, the 
nuclear localization of HMGB1 also exhibited an increase during the 10th week following TP administration.

We emphasized the role of N-nitrosamines in liver carcinogenesis is significant, especially considering our findings 
that co-exposure to TP exacerbates liver tumor formation following nanoDEN exposure through the activation of AR, 
particularly during the first 15 weeks. This increase in AR expression was concurrent with an upregulation in the nuclear 
expression of β-catenin. Notably, the nuclear localization of HMGB1 also exhibited an increase during the 10th week 
following TP administration. Our nanoDEN-induced liver cancer model enabled us to assess the expression patterns of 
AR, β-catenin, and HMGB1 during liver tumor progression, revealing their dynamic interactions.

At the same time, our current understanding of oncogenesis primarily relies on data obtained from tumor-bearing 
mice. This preference for tumor-bearing mice stems from several advantages: they are easier to handle, allowing for 
faster experimental achievement than conventional primary liver cancer models, which simplifies the experimental 
procedure. It’s also easier to control the tissue origin of tumors in these mice, requiring fewer clarifications regarding 
the complexity of tumor formation. Additionally, tumor-bearing mice often exhibit higher tumor growth rates and 
aggressiveness, making them effective “filters” for eliminating less potent candidates of pathways and drugs. 
However, a significant drawback of using these models is the lack of information before and during tumor formation. 
In contrast, the information gained from primary liver cancer models perfectly fills this information gap, providing 
a more comprehensive understanding of liver cancer development and its mechanisms.

In our study using human samples, we observed that the overall expression of AR did not vary significantly between 
tumorous and non-tumorous areas. Instead, the subcellular localization of AR played a more crucial role in liver tumor 
progression. This finding was further confirmed in our mouse model. After TP injection, we observed an increase in AR 
expression, which subsequently translocated into the nucleus. This led to enhanced formation of DEN-induced primary 
liver tumors in mice. Notably, we also observed that co-exposure to TP and nanoDEN significantly intensified the nuclear 
localization of AR in week-20 mice compared to the TP-alone group or the nanoDEN-alone group, indicating possible 
synergy during carcinogenesis.

As the study progressed, by week 20, a shift in the expression patterns was observed. While the cytosolic expression 
of AR in the nanoDEN group became comparable to the nanoDEN + TP group, a significant upregulation of nuclear AR 
was still evident in the nanoDEN + TP group. Similarly, the nuclear expression of β-catenin remained elevated in the 
nanoDEN + TP group during the 5th and 20th weeks, with a transient elevation in cytosolic expression during the 10th 
week. The nuclear expression of HMGB1 showed a decline in subsequent weeks but remained higher than the TP 
untreated groups. Interestingly, these time-dependent changes also influenced the correlation patterns among these 
proteins. In the initial stages, AR expression correlated strongly with cytoplasmic β-catenin, whereas β-catenin exhibited 
a strong correlation with nuclear HMGB1. However, by week 20, the relationship between these proteins shifted, 
indicating a dynamic interplay between AR, β-catenin, and HMGB1 during the progression of liver tumor formation.

Furthermore, the observed differences in the expression of these proteins between non-tumor and tumor areas further 
emphasize their role in liver tumorigenesis. In the tumor areas, a positive correlation was observed between nuclear AR 
and β-catenin, while in non-tumor areas, AR showed a strong correlation with cytoplasmic HMGB1. These findings 
highlight the complex and interconnected pathways involving AR, β-catenin, and HMGB1 in liver cancer development.

In summary, our study reveals intricate time-dependent changes in the expression of AR, β-catenin, and HMGB1 
during liver tumor formation. These findings underscore the importance of understanding the temporal dynamics of these 
proteins in deciphering their roles and interactions in liver tumorigenesis. The correlation patterns and expression 
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changes observed provide valuable insights into the molecular mechanisms underlying liver cancer progression, 
potentially paving the way for targeted therapeutic interventions.

Conclusion
In summary, this study provides evidence confirming that testosterone can worsen the development of liver cancer 
induced by exposure to environmental N-nitrosamines. Histopathological and immunohistochemical staining experiments 
have revealed strong correlations between AR and β-catenin in the nuclear region of tumor areas, as well as between AR 
and HMGB1 in the cytoplasmic region of non-tumor areas, in both human and mouse samples. Furthermore, the study 
has demonstrated the time-dependent expression levels and patterns of these three proteins during the progression of liver 
tumors. These findings support the notion that AR can regulate the expression levels and patterns of β-catenin and 
HMGB1 in vivo, thereby exacerbating the progression of liver cancer induced by exposure to environmental 
N-nitrosamines. There-fore, understanding the hepatotoxicity caused by combined exposure to N-nitrosamines and 
testosterone, along with its underlying mechanism, holds significant importance for ensuring drug safety in clinical 
practice and environmental safety by reducing N-nitrosamines exposure through conscious choices in diet and lifestyle.
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