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Abstract:
In modern society, drugs serve as the most prevalent 
approach to treating diseases. Nevertheless, while 
combating illnesses, drugs may also trigger adverse 
responses in the human body, encompassing side effects, 
toxic reactions, allergic reactions, secondary reactions, 
residual effects, and teratogenic effects. Take rifampicin 
as an example: excessive administration of this drug can 
lead to acute or chronic toxic damage to the circulatory, 
respiratory, and nervous systems, as well as disrupt the 
functions of the liver, kidneys, bone marrow, and endocrine 
organs.[1] Consequently, identifying the potential 
toxicity of drugs and safeguarding medication safety 
have become a crucial component in the process of drug 
research and development (R&D) and clinical application. 
As technologies like multi-omics, systems biology, 
and artificial intelligence (AI) continue to advance, 
interdisciplinary research has gradually evolved into a 
new paradigm for assessing drug efficacy and toxicology. 
This paper aims to explore the synergistic mechanisms 
underlying drug efficacy and toxicity across multiple 
biological levels, including molecular, cellular, organ, and 
systemic levels.
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1. Introduction
The study of drug action and toxicity exhibits the 
characteristic of “two sides of the same coin,” yet 
traditional research often addresses these two aspects 
separately. This fragmented approach results in in-
sufficient understanding among most individuals re-
garding the specific effects of drugs, their therapeutic 
mechanisms, and associated side effects. In clinical 
settings, beyond their therapeutic benefits, drugs 

also harbor non-negligible toxic reactions, which 
frequently involve multiple biological levels such as 
molecules, cells, organs, and systems. At the molec-
ular level, for instance, the activation of drug targets 
can simultaneously yield therapeutic effects and po-
tential toxicity. At the organ level, drugs may induce 
abnormal organ function.
Morphine serves as a typical example. In clinical 
treatment, morphine exerts analgesic and sedative 
effects by binding to opioid receptors in pain trans-
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mission regions such as the spinal cord, medulla oblon-
gata, midbrain, and thalamus, thereby increasing the pain 
threshold. Additionally, it binds to opioid receptors on 
neurons in the mesolimbic dopamine system—including 
the cerebral cortex, hippocampus, nucleus accumbens, and 
ventral tegmental area—reducing the activity of inhibitory 
interneurons and enhancing the activity of dopamine (DA) 
neurons. This process elevates the excitability of relevant 
reward regions in the brain, leading to a sense of eupho-
ria. However, in some patients or pain-free individuals, 
administration of a single dose of morphine may instead 
cause restlessness. Moreover, while producing analgesic 
effects, morphine often induces symptoms such as drows-
iness, confusion, and impaired comprehension. Due to 
its addictive properties and central nervous system side 
effects, morphine is classified as a strictly controlled nar-
cotic drug; thus, outside of hospital settings, it is subject 
to rigorous regulation as a controlled substance.
In the process of drug R&D, inadequate understanding 
of drug toxicity can increase research costs and consume 
substantial human resources and time. Therefore, it is es-
sential to conduct toxicological research on drugs during 
R&D to optimize and improve them, thereby ensuring 
clinical medication safety [1].
When investigating drug efficacy and toxicity, focusing 
solely on a single biological level—for example, ana-
lyzing the therapeutic effects of drug-receptor binding 
merely from the perspective of molecular targets—easily 
overlooks the intracellular metabolism of drugs and their 
impacts on organs. This narrow focus is detrimental to the 
comprehensive treatment of patients. In recent years, the 
development of emerging technologies has provided new 
tools and perspectives to address this issue. Specifically, 
advancements in multi-omics, systems biology, and AI 
have enabled cost reduction, risk mitigation, and increased 
efficiency in drug R&D. For instance, multi-omics tech-
nology integrates genomic, transcriptomic, proteomic, and 
metabolomic data to comprehensively uncover the mo-
lecular mechanisms of toxicant action [2]. It can identify 
changes in key genes, proteins, and metabolites following 
toxicant exposure, thereby facilitating the construction of 
network models for toxic effects. Systems biology aids in 
data integration, while AI enables rapid data and informa-
tion mining to support research.
In summary, multidisciplinary integration breaks away 
from traditional research approaches, enabling dual re-
search on drug efficacy and toxicity. By comprehensively 
analyzing the advantages and disadvantages of drugs 
across multiple biological levels, these new technologies 
provide more scientific and comprehensive theoretical 
support for drug R&D and clinical application.

2. Synergistic Mechanisms of Drug Ef-

ficacy and Toxicity

2.1 Pathway Overlap at the Molecular and Cel-
lular Levels

2.1.1 Bidirectional Effects of Drug Targets

At the molecular and cellular levels, drug efficacy and 
toxicity often originate from identical or overlapping 
pathways—a key reason for the coexistence of therapeutic 
effects and side effects in clinical practice. Many drugs 
exert their therapeutic effects by acting on specific targets. 
Targeted therapy, a treatment strategy focused on specific 
molecular targets, aims to enhance therapeutic efficacy 
while minimizing damage to normal cells. The core of 
targeted therapy lies in identifying and utilizing unique 
molecular markers of tumor cells, such as growth factor 
receptors and signal transduction molecules, to achieve 
precise intervention. With the development of biotechnol-
ogy and molecular biology, targeted therapy has become 
a vital direction in cancer treatment, demonstrating signif-
icant efficacy in managing various types of cancer. How-
ever, targeted therapy also has limitations; for example, 
cardiotoxicity induced by targeted drugs mainly includes 
QT interval prolongation, myocardial ischemia/myocardi-
al infarction, left ventricular dysfunction/reduced left ven-
tricular ejection fraction (LVEF), and chronic heart failure 
[3].
2.1.2 Shared Signaling Pathways

The PI3K-Akt signaling pathway is a critical signal trans-
duction network in cells. It can be activated by various 
cellular stimuli or toxic damage and plays a pivotal role in 
regulating basic cellular functions such as transcription, 
translation, proliferation, growth, and survival. This path-
way interacts with multiple others signaling pathways to 
collectively regulate cell survival, proliferation, migration, 
metabolism, and additional functions [4].
The NF-κB pathway and PI3K/Akt pathway both play 
important roles in physiological and pathological cellular 
processes, jointly regulating cell survival, proliferation, 
inflammatory responses, and immune responses. Akt can 
directly or indirectly activate the IKK complex through 
other molecules, promoting the phosphorylation and deg-
radation of IκB. This process releases NF-κB, allowing it 
to enter the nucleus and activate the transcription of target 
genes. Meanwhile, the target genes of NF-κB include fac-
tors that regulate the PI3K/Akt pathway, forming a com-
plex regulatory network involving feedback and positive 
feedback loops.

2.2 Drug Metabolism and Toxicity Generation

2.2.1 Involvement of Hepatic Drug-Metabolizing En-
zymes in Metabolite Transformation and Toxic Inter-
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mediate Production

Hepatic drug-metabolizing enzymes, also known as liver 
metabolic enzymes, are a class of enzymes involved in 
drug metabolism. The metabolic process of drugs typical-
ly consists of two phases:
Phase I Reactions: Primarily mediated by the cytochrome 
P450 (CYP) enzyme system, these reactions mainly in-
volve oxidation, reduction, and hydrolysis. They chem-
ically modify drug molecules to increase their polarity, 
laying the groundwork for subsequent metabolic process-
es. During this phase, some drugs may be converted into 
toxic intermediates [5].
Phase II Reactions: Mainly catalyzed by various trans-
ferases, such as glucuronosyltransferases and glutathione 
transferases. These enzymes conjugate polar groups (e.g., 
glucuronic acid, glutathione) to the products of Phase I 
reactions, further increasing their polarity and water sol-
ubility. Ultimately, this facilitates the excretion of drugs 
and their metabolites from the body.
Although the primary function of hepatic drug-metab-
olizing enzymes is to convert drugs into more excreta-
ble forms, under certain circumstances, intermediates 
produced during drug metabolism may exhibit toxicity, 
causing damage to the liver or other organs. For example, 
some drugs are converted into highly reactive intermedi-
ates during Phase I reactions; these intermediates can bind 
to cellular macromolecules, leading to cell damage or ne-
crosis. Additionally, metabolites of some drugs may trig-
ger immune responses, further exacerbating liver injury.
2.2.2 Genetic Polymorphism and Individual Differenc-
es in Toxicity

Genetic polymorphism—particularly that of genes en-
coding the cytochrome P450 (CYP450) enzyme family—
is a key factor contributing to individual differences 
in drug-induced toxic reactions. CYP450 enzymes are 
involved in the metabolism of most drugs in the human 
body. Different genotypes result in variations in enzyme 
activity and expression levels, which in turn affect the rate 
of drug metabolism in the body, the production of metab-
olites, and ultimately, the efficacy and toxicity of drugs. 
Genetic polymorphism influences drug toxicity through 
three main pathways: drug metabolism rate, metabolite 
toxicity, and individual sensitivity [6].

3. Integrated Research Technologies 
and Methods

3.1 Multi-Omics Integration
Multi-omics integration technology synchronously ana-
lyzes the dynamic correlations between gene expression 
(transcriptomics), metabolite changes (metabolomics), 

and protein levels (proteomics) in organisms following 
drug exposure. By constructing a comprehensive regulato-
ry network of “gene-protein-metabolite,” this technology 
enables the simultaneous capture of both therapeutic effect 
signals and potential toxicity signals of drugs.
Historically, cardiotoxicity associated with anti-tumor 
drug therapy was primarily caused by anthracyclines and 
radiotherapy. In recent years, however, increasing reports 
have focused on tyrosine kinase inhibitors (TKIs)—a class 
of molecular targeted drugs. Mounting evidence indicates 
that TKIs carry the risk of inducing cardiotoxicity: some 
patients develop symptomatic congestive heart failure, 
while others experience asymptomatic left ventricular 
dysfunction.
Trastuzumab (Herceptin), a monoclonal antibody target-
ing the human epidermal growth factor receptor, was the 
first molecular targeted drug found to exhibit cardiotoxic-
ity. Its most prominent cardiotoxic effect is asymptomatic 
reduction in LVEF, with an overall incidence ranging 
from 4.2% to 13.1% [7]. Clinical studies on imatinib have 
also reported reduced LVEF and congestive heart failure 
in patients; Phase II clinical trial results showed that 1% 
of patients taking imatinib experienced adverse events 
related to heart failure and cardiac dysfunction [8]. Addi-
tionally, currently used TKIs such as dasatinib, sunitinib, 
sorafenib, and bevacizumab all pose a risk of cardiotox-
icity. However, certain other types of TKIs do not induce 
cardiotoxicity, indicating that this is not a universal effect 
of all TKIs. Thus, it is necessary to conduct specific toxi-
cological analyses for each individual drug.
Currently, two main mechanisms are proposed to explain 
TKI-induced cardiotoxicity: first, TKIs cause oxidative 
stress-mediated mitochondrial damage in cardiomyo-
cytes; second, TKIs inhibit the translation of myocardial 
proteins, thereby severely compromising cardiomyocyte 
survival. However, protective strategies based on these 
two mechanisms have not achieved the expected results, 
suggesting that the mechanisms underlying TKI-induced 
cardiotoxicity are more complex and that additional key 
molecular biological mechanisms remain to be discov-
ered.
The occurrence of adverse reactions limits the clinical 
application of molecular targeted anti-tumor drugs, there-
by reducing their anti-tumor efficacy. Therefore, in-depth 
research into the toxic mechanisms of these drugs, as well 
as the search for appropriate solutions and effective pro-
tective measures, has become a critical focus in current 
anti-tumor drug toxicology research. Furthermore, the 
observation that only some drugs within the same class of 
molecular targeted drugs induce toxic reactions suggests 
that the toxicity of molecular targeted anti-tumor drugs 
may not be caused by target proteins. Hence, specific 
toxicological mechanism studies for different drugs are 
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required.

3.2 Bioinformatics and Systems Biology Model-
ing
Bioinformatics tools enable the mining of correlation 
patterns between drug efficacy and toxicity from large-
scale biological data, while systems biology modeling can 
transform these patterns into visual network models, facil-
itating mechanism analysis and risk prediction.
In the application of network pharmacology, researchers 
studied an anti-hypertensive drug by first screening 128 
potential action targets of the drug through databases. 
They then integrated these targets with 342 key targets 
associated with hypertension to construct a “drug-tar-
get-disease” interaction network. Analysis of this network 
revealed that, in addition to exerting its hypotensive effect 
by acting on angiotensin-converting enzyme (ACE), the 
drug could also bind to β2-adrenergic receptors (ADRB2) 
in cardiomyocytes. This association had been overlooked 
in traditional research; however, subsequent experiments 
confirmed that this binding could induce abnormal myo-
cardial contractile function, explaining the toxic mecha-
nism underlying palpitations observed in some patients 
following clinical administration [9].
In addition, a “target-side effect network prediction plat-
form” developed based on large-scale clinical medication 
data can automatically match the probability of side ef-
fects of similar drugs in historical data by inputting the 
molecular structure and action targets of a drug. Before a 
new type of hypoglycemic drug entered clinical trials, this 
platform successfully predicted the risk of “potential renal 
tubular damage.” Subsequent animal experiments verified 
this prediction, providing a basis for adjusting clinical tri-
al protocols [10].

3.3 Organoids and Human-Derived Models
Owing to their high similarity to human physiological 
structures and functions, organoids and human-derived 
models effectively address the species differences inherent 
in traditional animal experiments, providing a new tool 
for the accurate in vitro evaluation of drug efficacy and 
toxicity.
Compared with animal models, human liver organoids 
not only retain the typical morphology of hepatocytes 
(e.g., liver lobule structure) but also possess a complete 
hepatic drug-metabolizing enzyme system (such as vari-
ous subtypes of the CYP450 family). This allows them to 
more accurately simulate the metabolic process of drugs 
in the human liver during hepatotoxicity screening. In a 
hepatotoxicity assessment study of an antibiotic, tradi-
tional mouse experiments failed to detect obvious liver 
damage. In contrast, in human liver organoids, intermedi-
ates produced by drug metabolism significantly induced 

hepatocyte apoptosis, and the apoptosis rate exhibited a 
dose-dependent relationship with drug concentration. This 
result was highly consistent with the subsequent clinical 
observation of elevated liver enzymes in some patients 
after drug administration [11].
Furthermore, human intestinal organoids can be used to 
evaluate the intestinal absorption efficiency and intestinal 
toxicity of drugs. In the case of an oral anti-inflammatory 
drug, human intestinal organoid models revealed that the 
drug disrupted the tight junctions of the intestinal epithe-
lium, leading to impaired intestinal barrier function. The 
discovery of this toxic mechanism prompted the trans-
formation of the drug’s dosage form from conventional 
tablets to enteric-coated preparations, reducing the occur-
rence of intestinal irritation side effects [12].

3.4 Application of AI and Machine Learning in 
Toxicological Prediction
By learning from large volumes of historical experimental 
data and clinical data, AI and machine learning technolo-
gies can construct efficient drug-toxicity correlation mod-
els, enabling rapid prediction and screening of toxicity 
risks.
In terms of model construction, researchers collected data 
on the molecular structure, action targets, in vitro exper-
imental results, and clinical side effect records of 1,500 
known drugs. They then used the random forest algorithm 
to train a “drug-toxicity correlation model.” When applied 
to predict the toxicity of 50 new candidate drugs, this 
model achieved an accuracy rate of 82%. For a specific 
anti-tumor candidate drug, the model predicted a risk of 
“potential bone marrow suppression.” Subsequent in vitro 
experiments on bone marrow hematopoietic stem cells 
confirmed that the drug could inhibit the proliferation and 
differentiation of hematopoietic stem cells, which was 
consistent with the prediction [13].
In the risk assessment of side effects based on big data, 
natural language processing technology was used to mine 
2 million global drug adverse reaction reports, leading to 
the construction of a “drug-adverse reaction-population 
characteristic” correlation database. Analysis of this data-
base for a specific antidepressant revealed that the risk of 
hemorrhagic stroke in the population of “elderly women 
with concurrent use of non-steroidal anti-inflammatory 
drugs” was 3.7 times higher than that in the general popu-
lation. This finding provided data support for the stratified 
management of clinical medication populations, reducing 
medication risks for high-risk groups [14].

4. Summary
The “two sides of the same coin” characteristic of drug 
efficacy and toxicity means that single-discipline research 
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cannot achieve a comprehensive assessment. Multidis-
ciplinary integration, however, provides a key pathway 
to address this challenge. This study systematically or-
ganized the synergistic mechanisms of drug efficacy and 
toxicity, identifying that pathway overlap at the molecular 
and cellular levels (e.g., the PI3K/AKT pathway) and 
individual differences in drug metabolism (e.g., CYP450 
genetic polymorphism) are the core biological foundations 
underlying the correlation between efficacy and toxicity.
Simultaneously, this study summarized the application 
scenarios of integrated technologies such as multi-omics 
integration, systems biology modeling, organoid technolo-
gy, and AI prediction. It confirmed that these technologies 
can simultaneously advance the research on drug efficacy 
mechanisms and the management of toxicity risks across 
multiple dimensions, including data mining, mechanism 
analysis, in vitro evaluation, and risk prediction. Multidis-
ciplinary integration not only uncovers “efficacy-toxicity” 
correlation mechanisms overlooked in traditional research 
(e.g., the effect of anti-hypertensive drugs on myocardial 
ADRB2) but also improves the efficiency and accuracy of 
evaluation through in vitro models and AI tools, thereby 
reducing clinical medication risks.
Future research should further promote the collaborative 
application of multiple technologies—for example, com-
bining multi-omics data with AI models to construct a 
closed-loop research system of “real-time prediction-ex-
perimental verification-model optimization.” At the same 
time, it is necessary to accelerate the standardization of 
organoid models to improve their reproducibility and 
comparability across different laboratories. Additionally, 
efforts should be made to promote the clinical translation 
of interdisciplinary integration research results, establish 
an “integrated efficacy-toxicity evaluation standard,” and 
provide more systematic scientific basis for early screen-
ing in drug R&D, clinical trial design, and clinical medi-
cation guidance. Ultimately, this will achieve the goals of 
drug safety and precision medicine, providing support for 
improving clinical treatment outcomes and reducing the 
incidence of adverse drug reactions.
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