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Abstract. This study investigated the effects of acetaminophen on the regulation of cellular activities
and gene expression. Through a series of in vitro experiments, the effects of acetaminophen on cell
proliferation, apoptosis and metabolism at different doses were analyzed and combined with gene
expression profiling to reveal its regulatory mechanisms at the level of signaling pathways,
transcription factor regulation and epigenetics. The results indicate that acetaminophen can
significantly alter cell physiology and gene expression, suggesting its potential role and risk in drug
intervention. This study provides new insights into the clinical application of acetaminophen and
provides a theoretical basis for individualized therapy and drug optimization.
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1. Introduction

Acetaminophen (Acetaminophen), a common over-the-counter antipyretic and analgesic, is widely
used in clinical treatment [1]. Despite its favorable effects in relieving pain and reducing fever, the
cytotoxicity of acetaminophen and its effects on the regulation of gene expression have gradually
attracted the attention of researchers in recent years [2]. Numerous studies have shown that excessive
use of acetaminophen may lead to hepatocellular injury and even trigger severe liver failure [3]. In
addition, with the development of molecular biology techniques, more and more evidence suggests
that acetaminophen not only affects the physiological activities of cells, but may also regulate gene
expression through complex molecular mechanisms [4].

The aim of this paper is to systematically explore the specific effects of acetaminophen on cellular
activities, especially its potential mechanisms for the regulation of gene expression [5]. By studying
the relevant signaling pathways, transcription factors and epigenetic changes, we hope to reveal the
mechanism of acetaminophen’s action at both the cellular and molecular levels, and to provide a new
scientific basis for its safety and efficacy in clinical applications. This study will provide a valuable
reference for future drug optimization and individualized treatment plan development.

2. Cytotoxicity and physiologic effects of acetaminophen

Acetaminophen is a widely used over-the-counter medication primarily for analgesia and fever
reduction [6]. Its mechanism of action is related to the inhibition of cyclooxygenase (COX) enzyme
activity in the central nervous system, which reduces prostaglandin synthesis and relieves pain and
fever. However, unlike nonsteroidal anti-inflammatory drugs (NSAIDs), acetaminophen's weak anti-
inflammatory effects make it a relatively safe choice. However, its metabolites, such as N-acetyl-p-
benzoquinone imine (NAPQI), may trigger cytotoxicity at high doses, leading to liver injury. Gene
Expression Regulation Equation:
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Studies have shown that acetaminophen inhibits cell proliferation at certain concentrations, especially
in hepatocytes [7]. This inhibitory effect is related to the oxidative stress it causes. Oxidative stress
disrupts intracellular redox balance, which in turn affects the normal functioning of the cell cycle [8].
In addition, acetaminophen further inhibits cell proliferation by affecting cell signaling pathways,
such as the MAPK pathway,showed in Figure 1 :
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Figure 1. Gene Expression Change under Different Conditions

The ability of high concentrations of acetaminophen to induce apoptosis is closely related to the
mitochondrial damage it triggers [9]. The loss of mitochondrial membrane potential leads to the
release of cytochrome c, which initiates the intrinsic pathway of apoptosis [10]. In addition,
acetaminophen has been found to activate the process of autophagy, although whether this process
contributes to cell survival or death remains controversial. Certain studies have suggested that
autophagy may, in part, be a protective cellular response to oxidative stress.

Clinically, although acetaminophen is relatively safe at recommended doses, prolonged or excessive
use may still result in severe liver toxicity, especially in patients with hepatic insufficiency or chronic
alcohol consumption. In addition, there is growing evidence that acetaminophen use may be
associated with other tissue toxicities, such as kidney damage and cardiovascular system problems.
Therefore, an in-depth study of the mechanisms of cytotoxicity is important for the development of
safer dosing strategies.

Given the widespread use of acetaminophen, understanding the underlying mechanisms of its
cytotoxic effects has become a crucial area of research. Acetaminophen is primarily metabolized in
the liver, where a small fraction is converted into a reactive metabolite, N-acetyl-p-benzoquinone
imine (NAPQI), which can cause oxidative stress and damage to cellular components if not
adequately detoxified by glutathione. In cases of overdose or prolonged use, the body's glutathione
stores become depleted, leading to excessive accumulation of NAPQI and subsequent liver cell injury.
This oxidative stress can trigger a cascade of inflammatory responses, further exacerbating liver
damage and potentially leading to acute liver failure.
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Moreover, recent studies suggest that acetaminophen's toxic effects are not limited to the liver. Renal
toxicity has been observed, particularly in patients with pre-existing kidney conditions or those using
nephrotoxic drugs concurrently. The cardiovascular system may also be at risk, with some studies
indicating a potential link between acetaminophen use and increased blood pressure or cardiovascular
events. These findings underscore the need for careful consideration of patient-specific factors, such
as underlying health conditions and concomitant medications, when prescribing acetaminophen.
Further research into alternative pathways and protective strategies, such as the use of antioxidants,
may help mitigate these risks and improve the safety profile of this commonly used medication.

3. Molecular mechanisms of gene expression regulation

In response to acetaminophen intervention, gene expression within cells undergoes significant
changes that involve multiple molecular mechanisms. First, acetaminophen is able to modulate gene
expression and alter cellular physiology by affecting specific signaling pathways and key
transcription factors. Second, epigenetic mechanisms, such as DNA methylation and histone
modification, also play an important role in acetaminophen-induced regulation of gene expression.
Finally, non-coding RNA molecules such as RNA interference and miRNAs further refine the
regulatory network of gene expression and influence the cellular response mechanisms.

3.1 Changes in gene expression profiles in response to acetaminophen intervention

Intervention with acetaminophen causes changes in the expression levels of a large number of genes
within the cell. Such changes are not limited to hepatocytes but also involve other cell types. Gene
expression profiling (e.g., RNA sequencing) revealed that acetaminophen was able to significantly
up-regulate or down-regulate a range of genes related to metabolism, cell cycle regulation, and stress
response. These changes suggest that acetaminophen may have a wide range of effects on cellular
function at different doses, with specific effects depending on gene-specific expression patterns.

The expression of stress response-related genes was significantly upregulated under acetaminophen
intervention. These genes included genes for anti-oxidative stress-related enzymes (e.g., Nrf2 target
genes) as well as genes involved in DNA damage repair. This suggests that cells stimulated by
acetaminophen try to resist the oxidative stress and DNA damage it triggers by activating the stress
response pathway. However, excessive stress response may also lead to apoptosis or dysfunction.

Acetaminophen also affects the expression of genes associated with inflammatory responses and
immune regulation. Studies have shown that high doses of acetaminophen induce gene expression of
pro-inflammatory cytokines and chemokines, which may be related to its toxic effects. In addition,
changes in the expression of some immune-related genes suggest a potential effect of acetaminophen
on immune system function, which may be more pronounced, especially in the case of prolonged use
or overdose. Cell Proliferation Rate:

P(t) =P, -e™ (3)

The effects of acetaminophen intervention on cellular metabolism were mainly reflected in the
expression of genes related to metabolic pathways. In particular, genes involved in energy metabolism
and lipid metabolism showed significant down-regulation, which may reflect the inhibitory effect of
acetaminophen on cellular energy supply. In addition, the genes of enzymes involved in drug
metabolism were also altered, which may further affect the metabolism and toxic accumulation of
acetaminophen in cells, and thus exacerbate its cytotoxic effects.

3.2 Signaling pathways and transcription factor regulation

Acetaminophen intervention activates a variety of cellular signaling pathways, most notably the
mitogen-activated protein kinase (MAPK) signaling pathway, which is involved in the regulation of
cellular stress response, proliferation and apoptosis. Under the action of acetaminophen, p38, JNK
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and other key protein kinases in the MAPK pathway are phosphorylated and activated, thereby
inducing the expression of a series of downstream genes. This activation may either promote
apoptosis or initiate cellular self-repair mechanisms, and the specific effects depend on the
concentration and duration of acetaminophen action, showed in Figure 2:
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Figure 2. Signal Pathway Activation Over Time

The nuclear factor-kB (NF-kB) signaling pathway plays an important role in inflammatory responses
and immune regulation. Acetaminophen intervention has been found to activate the NF-kB pathway,
leading to upregulated expression of pro-inflammatory genes such as TNF-a. and IL-1f. This process
involves phosphorylation and degradation of IxB, which allows NF-«B transcription factors to enter
the nucleus and initiate transcription of target genes. Activation of the NF-xB pathway not only
enhances inflammatory responses, but may also be closely related to the cytotoxic effects of
acetaminophen.

Nrf2 (nuclear factor E2-related factor 2) is a major regulator of intracellular resistance to oxidative
stress. In response to acetaminophen, the Nrf2 pathway is activated and the Nrf2 transcription factor
is released from the Keap1l repressor complex and translocated to the nucleus, initiating the expression
of antioxidant genes, such as HO-1 and NQO1, which help the cell to resist the oxidative stress
induced by acetaminophen. However, overactivation of the Nrf2 pathway may also lead to cellular
dysfunction and even trigger apoptosis.

p53 is a key tumor suppressor transcription factor responsible for the regulation of cell cycle and
apoptosis. In the presence of acetaminophen, the expression and activity of p53 increased
significantly. p53 senses intracellular DNA damage signals and promotes apoptosis by regulating a
series of downstream genes, such as BAX and PUMA. Acetaminophen-induced p53 activation may
be one of the important mechanisms for its cytotoxic effects, especially in hepatocytes, where
activation of the p53 pathway is thought to be closely associated with acute liver injury.

3.3 Epigenetic regulatory mechanisms

Acetaminophen intervention can cause changes in the intracellular DNA methylation status. DNA
methylation usually occurs in the CpG island region and affects the transcriptional activity of genes.
It has been found that acetaminophen may lead to increased or decreased methylation levels in the
promoters of specific genes by altering the activity of DNA methyltransferases. Such changes may
inhibit or activate the expression of the relevant genes, thereby affecting cell proliferation, apoptosis,
and stress responses.
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Histone modification is another important epigenetic regulatory mechanism, and acetaminophen
intervention may alter the acetylation, methylation, and other modification states of histones. These
modifications directly affect chromatin structure and gene accessibility. For example, increased
histone acetylation is often associated with upregulation of gene expression, while changes in histone
methylation may lead to gene silencing. These changes can modulate the transcriptional activity of
cells, thereby affecting the cellular response to acetaminophen.

Non-coding RNAs (e.g. miRNAs and IncRNAS) play a key role in the regulation of gene expression.
Intervention with acetaminophen may affect the regulatory network of genes by altering the
expression levels of noncoding RNAs. miRNAs regulate the expression of relevant genes by binding
to target mMRNAs, inhibiting their translation or inducing their degradation. Long-stranded non-coding
RNAs (IncRNAs), on the other hand, are involved in transcriptional regulation of genes and
chromatin remodeling, and acetaminophen may affect cell function and fate by regulating the
expression of these non-coding RNAs.

The effects of acetaminophen on epigenetic marks are characterized by a multilevel combination of
effects. These marks include not only DNA methylation and histone modifications, but also aspects
of chromatin remodeling and nucleosome arrangement. By affecting these marks, acetaminophen is
able to trigger a wide range of gene expression changes within the cell. Understanding these combined
effects will help to unravel the complex effects of acetaminophen at the cellular level, as well as its
potential mechanisms of toxicity, thus providing a scientific basis for the safe use of the drug.

4. Experimental validation and data analysis

In order to verify the effects of acetaminophen on cell activity and gene expression, a series of in
vitro experiments were designed in this study. The experiments included acetaminophen-treated and
control groups with different concentrations of acetaminophen, and cell proliferation assay, apoptosis
detection, and gene expression profiling were used. Cell proliferation was assessed by MTT assay,
apoptosis was detected by flow cytometry, and changes in gene expression were analyzed by RNA
sequencing and real-time quantitative PCR. The experimental conditions were ensured to be
consistent between groups to ensure the reliability of the data.

Experimental data collection included quantitative data on cell viability, apoptosis rate, and gene
expression levels. For RNA sequencing data, normalization and analysis of variance methods were
used to identify genes that were significantly up- or down-regulated under acetaminophen treatment.
The data processing process included data cleaning, normalization, statistical analysis, and
visualization of the results. To ensure the accuracy of the results, all experimental data were verified
in duplicate and statistical analysis was performed to determine the significance of the results.

The experimental results showed that the intervention of acetaminophen significantly affected cell
proliferation, apoptosis and gene expression. Cell proliferation assay showed that high concentration
of acetaminophen significantly inhibited cell proliferation and increased apoptosis. Gene expression
profiling revealed multiple signaling pathways affected by acetaminophen, especially genes related
to oxidative stress, inflammatory response and cell cycle regulation. The results of data analysis were
consistent with previous theoretical studies and literature reports, further supporting the mechanism
of acetaminophen's effect on cells.

Combining experimental data and theoretical analysis, the results suggest that acetaminophen
mediates its biological effects by affecting cell proliferation, apoptosis and gene expression. These
results not only reveal the mechanism of acetaminophen's action at the cellular level, but also provide
a basis for further research on its safety in clinical application. Future studies should further explore
the effects of different doses and durations of use on cellular functions and verify the practical
significance of these experimental findings with clinical data. In addition, exploring improved drugs
or optimized use strategies for acetaminophen is also a direction of interest.
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5. Conclusion

In this study, we systematically investigated the effects of acetaminophen on cellular activities and
gene expression, and revealed the underlying molecular mechanisms. The results showed that
acetaminophen intervention significantly altered cell proliferation, apoptosis and gene expression
patterns. At the cellular level, acetaminophen was able to induce cellular stress and inflammatory
responses by activating the MAPK and NF-«xB signaling pathways; meanwhile, the activation of the
Nrf2 pathway contributed to the anti-oxidative stress, while the activation of the p53 transcription
factor was closely related to apoptosis. At the epigenetic level, acetaminophen further affected the
regulatory network of gene expression by regulating DNA methylation, histone modification and
non-coding RNA expression.

Experimental results and data analysis confirm the role of acetaminophen in cytotoxicity and gene
regulation, and these findings provide a scientific basis for understanding its potential risks in clinical
use. Although acetaminophen is relatively safe at recommended doses, its toxic effects at high doses
or long-term use are of concern. Future studies should focus on its effects under different
physiological and pathological conditions and explore optimal use strategies for acetaminophen to
minimize its toxic side effects and improve therapeutic efficacy. At the same time, these findings are
important guidance for the development of safer drugs and individualized treatment protocols.
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