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REVIEW ARTICLE

Pharmacogenetic and liquid biopsy: The new 
tools of precision medicine in cancer

Verónica Alejandra Alonso, and Alberto Lazarowski*
INFIBIOC - Clinical Biochemistry Department, School of Pharmacy and Biochemistry, University of 
Buenos Aires, Buenos Aires, Argentina

Abstract
The main difficulty in the treatment of cancer lies in the already known mechanism 
of resistance to conventional chemotherapy. It is mainly due to the expression of the 
multidrug transport systems known as ABC transporters, both in neoplastic cells and 
in excretory organs that reduce the chemotherapeutic concentration. The cancer cell 
proliferation by activation of growth factor receptors induces their intrinsic tyrosine 
kinase activity, and their intracellular signaling pathways involved in such activation. 
Tumor proliferation can respond to the direct action of growth factors on their 
respective receptors, or due to somatic mutations in different steps of their signaling 
pathway, in an independent manner of growth factor stimulus. Pharmacogenetics 
studies have been performed to identify these drivers’ mutations and their detection 
enables targeted inhibitory therapies against their abnormal proteins. The design of 
new molecules capable of inhibiting these signals has opened a new line of treatment 
for each type of tumor, thereby enabling tumor growth control and giving rise to the 
precision medicine approach. It is possible that mutations of sensitive and resistant 
to these targeted therapies coexist in the same tumor, from the start of therapy or as 
a consequence of the first-line treatment. The mutations in circulating DNA in body 
fluids, which are detected and quantified by droplet digital polymerase chain reaction-
assisted liquid biopsy, are the ideal biomarkers for the evaluation of pharmacological 
response, which is crucial for facilitating the change of therapeutic strategy involving 
second- or third-generation drugs. The quantification of these mutations can be used 
to assess minimal residual disease in the therapeutic follow-up of each case.

Keywords: Liquid biopsy; Droplet digital polymerase chain reaction; Pharmacogenetics; 
Somatic mutations; Sensitive mutations; Resistant mutations; Minimal residual disease

1. Multidrug resistance (MDR) in cancer
Drug resistance in cancer is a common occurrence that refers to therapeutic failure 
characterized by tumor relapse with absolute refractory pharmacological behavior to 
classic chemotherapeutics, after the effectiveness of the chemotherapeutics reduces 
over time. One of the most characterized mechanisms of this type of response is driven 
by a family of genes that encode the MDR proteins or ATP-binding cassette (ABC)-
transporters (ABC-t).

These membrane proteins are capable of expelling a wide spectrum of drugs out of 
cells, even though the drugs have highly diverse molecular structures and are directed 
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against different therapeutic targets. There are specific 
resistance mechanisms for each type of drug, which 
presupposes the possibility that such resistance can be 
avoided simply by changing the drug to be administered. 
However, this first drug can often induce the expression 
of this powerful ABC-t system, and consequently, the 
cancer cell will later reject any other therapeutic agent, 
and even combinations of several drugs administered 
simultaneously. Interestingly, these patients will be “non-
responders” not only to the recommended doses, but even 
to high doses, constituting the classic cases that we call 
“drug-resistant.” Unfortunately, these high doses will be 
ineffective for tumor treatment, and engender toxic effects 
on other tissues, forcing the suspension of the medication. 
The discovery of this powerful multidrug drug resistance 
system is due to the pioneering work of Ropert Juliano and 
Victor Ling in the late 1970s[1] (Figure 1).

2. First pharmacogenetics-based detection 
of driver’s mutations of tumor growth
In recent decades, the development of new molecular 
methodologies has allowed the detection and 
characterization of the genetic profile of most tumors with 
high precision and specificity, as well as in a personalized 
way for each affected individual. In such a way, this 
information makes it possible to identify the presence of 
somatic mutations that drive the proliferation of tumor 
cells, and many of the mutations are pharmacologically 
actionable. This new theranostic reality is a gigantic 
breakthrough to overcome the multidrug-resistance 
mechanism described in the above. In this way, the 

administration of drugs directed exclusively against the 
mutated proteins, responsible for tumor proliferation, 
has meant an extraordinary advance in the therapy of 
neoplasia.

The pioneer in this new field of pharmacology was 
the advent of imatinib, an inhibitor of the tyrosine kinase 
(ITK) activity of the BCR-ABL fusion protein in chronic 
myeloid leukemia (CML), which contributes to an overall 
survival of 93%[2]. However, as a consequence of the 
pharmacological pressure exerted, new neoplastic clones 
with genetic variants resistant to said initial therapy may 
emerge. This concept is applicable to all the molecules 
introduced into the therapeutic arsenal of targeted drugs. 
Consequently, the molecular identification of these 
resistant-mutations, could allow alternative therapeutic 
strategies directed towards these new genetic variants.

In this regard, despite the very high percentages of 
remission achieved with this therapy in CML, it did not 
take long for a minority number of non-responders to 
arise, due to different mechanisms. Among them are the 
presence of ABC-t and the increase in the expression 
of BCR-ABL by leukemic cells, which necessitate 
administration of staggering doses culminating with only 
suboptimal therapeutic responses[3], and the appearance 
of cell clones with mutations in the BCR-ABL protein, 
which prevent the imatinib from taking effect and keep the 
activated tyrosine kinase intact[4].

Perhaps, the best example of how important this new 
modality of mutation detection and specific drug therapy 
is clearly described in CML. The appearance of different 
imatinib-resistant mutations in the BCR-ABL gene 
(L248V, F317L, G250E, H396R, M244V, T277A, F311I, 
M318T, Q252H, F359A, F359I, or Y326H) can be inhibited 
with second- and third-generation of ITKs drugs, such as 
dasatinib, nilotinib, and bosutinib[5]. Furthermore, the 
T315I mutation that confers resistance to imatinib and the 
second- and third-generation ITKs is sensitive to another 
ITK called ponatinib, allowing for the drug resistance in 
this leukemia to be overcome, and prolonging survival of 
the patients[6]. In addition, polymorphisms in the MDR-1/
ABCB1 gene, such as C3435T, may favor the overexpression 
of the transporter[7], which is associated with the poor 
prognosis with imatinib in CML[8].

All these mechanisms are not mutually exclusive and 
can simultaneously contribute to therapeutic failure 
with ITKs. More recently, the possible concomitance 
of mutations in the JAK2 gene has been suggested, 
capable of activating the BCR-ABL clone, even under the 
pharmacological pressure of the corresponding ITK, and 
which requires the co-administration of a second ITK 
specific for JAK2[9,10].

Figure  1. ATP-binding cassette transporters related to multidrug-
resistance phenotype, such as P-glycoprotein (P-gp), breast cancer 
resistance protein, and multidrug resistance-associated proteins (MRPs), 
form an active ATP- and Ca2+-dependent drug pumping system, which 
is capable of expelling a broad spectrum of substances (including drugs 
with different structures and directed to different targets) from the 
interior to the exterior of the cells, preventing the access of the drugs to 
their therapeutic targets.

https://doi.org/10.36922/itps.1227
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3. Pharmacogenetics in cancer
The use of the molecular genetic methods that allows 
early detection of clones harboring driver mutations has 
achieved immediate and widespread in all aspects of clinical 
oncology, allowing the identification of a large number of 
mutations with pharmacological interest in most solid 
tumors. This also promotes the development of a wide 
spectrum of new therapeutic molecules directed at each of 
these genetic variants. Thus, this methodology allows early 
detection of tumor and enables informed decision-making 
in the selection of specific therapies that can control tumor 
growth, recurrence and metastatic progression. These 
stratagems of selective therapies only act on somatically 
mutated targets expressed in neoplastic cells, with no 
effect on normal cells. These developments ushered in 
the new era of the so-called personalized therapies, and 
more recently “precision medicine” in cancer. The new 
anti-cancer medications known as “targeted therapies” 
have emerged and aroused great interest in recent years. 
In this group of agents, there is a wide range of inhibitors 
of different tyrosine kinases or serine/threonine kinases, 
which are purportedly responsible for motorizing tumor 
growth, either by their stimulated (dependent) activation 
by extracellular growth factors, or by the presence 
of somatic mutations that activate said kinases in an 
independent manner on their corresponding growth factor. 
Several kinase inhibitors (KI) emerged as molecules with 
a high capacity to penetrate the active site of the kinase, 
preventing ATP access to that site, and thus inhibiting its 
tyrosine kinase activity with concentration values at the 
picomolar level[11-13].

The non-small cell lung cancer (NSCLC) affects almost 
17% of Western patients that have an activating epidermal 
growth factor receptor (EGFR) gene mutation, with Del19 
and L858R being the most common ones. These mutations 
are sensitive to ITK erlotinib (Tarceva; 60% response 
rate) or gefitinib (Iressa). However, a new clone carrying 
the drug-resistant EGFR T790M mutation emerges as a 
consequence of the pharmacological pressure exerted by 
first-line ITK treatment. Although there are drugs that 
specifically inhibit the second mutation, clear evidence has 
already emerged that various mechanisms of resistance 
activated by other or downstream signaling pathways, 
including RAS, RAF, and MAPK pathway[14].

Because the mutation of EGFR and KRAS are mutually 
exclusive, detection of KRAS mutations in patients with 
non-mutated EGFR could provide insights into other 
therapeutic options. In this regard, recently, the U.S. Food 
and Drug Administration (FDA) has approved sotorasib 
(AMG 510, Amgen), the covalent inhibitor on the more 
common KRAS mutant (G12C), for the treatment of 

NSCLC, and it is the first KRAS inhibitor to reach the 
market and enter clinical use[15].

The example provided by the first experience with 
imatinib and BCR-ABL allowed the development and 
rapid clinical use of new inhibitors of these mutated kinases 
to block different intracellular signals of proliferation, 
immortality, and metastasis present in different types of 
tumors, such as breast cancer, NSCLC, colon carcinoma, 
and melanoma. Many of these tumors proliferate at the 
expense of the stimulation produced by growth factors. 
However, the same tumors can also proliferate without 
the need for growth factor stimulation due to the presence 
of activating mutations of the proteins of the signaling 
cascades responsible for tumor growth (Figure 2).

The presence of sensitive mutations, which favor the 
insertion of ITKs in the active ATP binding site in the 
ATPase pocket of the enzyme, is a therapeutic opportunity 
that has significantly changed the prognosis and evolution 
of different types of tumors. Furthermore, analysis 
of circulating tumor DNA profiling has also enabled 
tracking of clonal variations in patients with colorectal 
carcinoma, assisting the monitoring of tumor progression 
and therapeutic resistance against EGFR blockade in real 
time[18].

On the other hand, the presence of mutations in the 
same gene but that modify its protein conformation, 
preventing the action of the corresponding ITKs mentioned 
above, makes it necessary to look for new second-line 
ITKs specific for this type of mutation, such is the case of 
sensitive and resistant mutations present in the EGFR in 
NSCLC. In these patients with NSCLC, a large number 
of different sensitive mutations but a smaller number of 
resistant mutations have been described[19,20].

To date, several EGFR tyrosine kinase inhibitors (TKIs) 
such as afatinib, erlotinib, gefitinib, and osimertinib 
have already been approved for first-line treatment of 
patients with advanced NSCLC harboring tumor growth 
driver mutations in EGFR gene. However, the correct 
indication of these drugs requires the identification of 
the corresponding sensitive and/or resistant mutations 
in this gene[21]. The most common sensitive mutations 
are deletions in exons 18, 19, and 21 (5%, 45%, and 45% 
of cases, respectively). Meanwhile, among the resistant 
mutations (5% of cases), the most frequent corresponds to 
the T790M mutation in exon 20, which can be treated with 
a specific ITK as second-line therapy. However, whether a 
significant number of mutations detected in EGFR gene are 
pharmacologically actionable remains to be explored[22].

The presence of these mutations necessitates 
personalized therapy with the corresponding ITK, but the 

https://doi.org/10.36922/itps.1227
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presence of both types of sensitive and resistant mutations is 
an indication of the heterogeneity of the tumor population 
that may warrant joint treatment with both types of ITKs 
simultaneously. If this is the case, we are in the presence 
of two pharmaco genetically distinct populations, which 
occupy different percentages of the tumor mass. This duality 
can exist from the very moment of molecular diagnosis, 
or arise as a consequence of the pharmacological pressure 
exerted by treatment with first-line ITKs that will lead to 
gradual apoptosis in the cell clone carrying the sensitive 
mutation, giving place or biological space to the growth of 
the cell clone carrying the resistant mutation.

In the event that both the EGFR gene and its entire 
specific signaling cascade do not contain any somatic 
mutations that drive tumor growth, the therapeutic 
opportunity will lie in the use of monoclonal antibodies 
that inhibit and/or block growth factor binding with its 
specific receptor. Although it has not been possible to 
obtain positive results with this therapy in the case of 
NSCLC, it is usually effective in colon cancer[23,24].

Typically, in colon cancer, the EGFR gene does not have 
mutations of any kind, but mutated and activated tyrosine 

Figure 2. Schematic representation indicating how a growth factor stimulates its corresponding receptor, which contains an intrinsic tyrosine kinase 
(phosphorylated) in its intracytoplasmic domain and triggers a specific signal cascade, sequentially activating different proteins, until reaching the 
executing phase of the effect on the nucleus, activating cell proliferation[16,17]. Mutations found in the tyrosine kinases of growth factor receptors as well as 
on signaling pathway intermediaries are the entry points for therapy since they are sensitive to the action of first-line specific inhibitors. The presence of 
resistant mutations in the same tyrosine kinases forces the use of second- or third-generation drugs directed against said mutations. The identification and 
quantification of both types of somatic mutations, which are sensitive and resistant to first-line ITKs, are essential for identifying patients amenable to the 
treatment and assisting with the monitoring of tumor evolution.

kinases are found downstream of the signaling pathway 
arising from EGFR. Thus, the mere presence of any of 
these mutations in the KRAS or NRAS genes prevents 
therapy with the aforementioned anti-EGFR monoclonal 
antibodies. This prompts the search for pharmacologically 
actionable mutations on other G proteins that are 
downstream of the KRAS/NRAS signaling, such as BRAF, 
MEK, and mTOR[25-27]. The therapy combining an anti-
EGFR monoclonal antibody and an ITK directed at the 
tyrosine kinase mutations of the G-proteins has shown 
encouraging responses in colon cancer, even in the 
presence of KRAS mutations[28]. However, these strategies 
have failed to show any benefit in NSCLC with the same 
mutation background because the mutations in KRAS, 
NRAS, or BRAF (exclusive of each other) may drive the 
tumor growth, and they are genetic markers of drug 
resistance, which requires treatment with conventional 
chemotherapies[19,20]. It is also possible that we find EGFR 
gene mutations, whose biological and/or pharmacological 
action is unknown[22].

A particular situation arises in the case of the V600E 
mutation of the BRAF gene, where it was found that this 
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same mutation is good news for patients with melanoma, 
since it can be actionable with specific ITKs with very good 
results, but it becomes a biomarker of poor prognosis in 
colon cancer, where said ITKs have no effect[29]. Moreover, 
V600E is present in all hairy cell leukemia cases, serving as 
a marker of minimal residual disease of said hematological 
neoplasia[30]. The pharmacogenetic characterization 
of a tumor, from the very moment a biopsy sample is 
obtained and prior to the start of any treatment, makes 
it possible to obtain the so-called genetic fingerprint and 
identify its possible therapeutic targets. Given the large 
number of molecular variants described, high-throughput 
methodologies such as next-generation sequencing are 
the most appropriate tools for obtaining said fingerprint 
of each tumor, even from within each cell subclone of the 
same tumor[31,32]. In the aforementioned genetic footprint, 
we can, in turn, establish a biomarker map that provides 
us with different levels of information, such as tumor 
identity, aggressiveness, prognosis, drug sensitivity and 
resistance, and monitor its therapeutic evolution due to 
decay (sensitivity) of the initial clone, or its relapse due 
to the appearance of a clone with new escape mutations 
(resistance) to the pharmacological pressure exerted.

In turn, we must remember what was initially 
mentioned about the ABC-t. ITKs are substrates of ABC-t. 
A series of preclinical and clinical studies have shown that 
ABC-t can influence the bioavailability of several TKIs, 
modifying their pharmacokinetics and also playing a role 
in the development of resistance to this type of therapy, but 
that in turn, the ITKs can also inhibit ABC-t[33,34].

ABC-t gene polymorphisms can induce significant 
differences of therapeutic responses in the same pathology 
with the same TK mutations treated with the same ITK.

4. Liquid biopsy (LB), the ideal biomarker
Since the early report by Vietsch et al., circulating tumor 
DNA and micro-RNA (later named as “LB”) have been 
used as cancer diagnostic tools[35]. Today, there are more 
than 12,000 reports on LB on PubMed database.

The process searching for the ideal biomarker provides 
us with extensive information regarding the pathology 
of cancer. For this, the ideal biomarker must provide 
diagnostic, prognostic, and therapeutic information. The 
genesis and stability of the biomarker must reflect the 
kinetics of cancer evolution, and it should be quantitatively 
representative of tumor size or mass. In addition, its 
sampling must be accessible and repeatable without 
involving invasive, risky procedures on the patients. 
Importantly, the ideal biomarker must be highly sensitive 
and highly specific, surpassing the qualities seen in the 
classical clinical biochemical methods (Figure 3). 

A great difficulty in the therapeutic follow-up of solid 
tumors is the limitation in repeatedly acquiring tissue 
biopsies from the same patient during the course of tumor 
evolution, especially if the site of tumor reappearance is 
clinically critical and there is no adequate access to it, or 
surgery acted on the tumor would leave serious sequelae or 
even put the patient in life-threatening situation.

A new biomarker concept known as “LB” can partially 
solve this dilemma. LB is a reflection of the genetic 
information possessed by all types of cells (normal and 
pathological) or generated by all tissues, and that is 
poured into the bloodstream and fluid in our body. Like 
all biological materials, it will have its elimination kinetics 
since it will be continuously degraded and replaced in the 
circulation as a result of the balance between production 
and elimination. The quantity, quality, and identity of 
this biological material provide an idea of its origin and 
clonality, and are proportional to the mass of the tissue 
that produces it. It can come from normal senescent 
cells, or from necrotic cells destroyed by the immune-
macrophage system, and be detected as free circulating 
genetic material (microRNA, DNA, RNA)[36]. Genetic 
material may be presented in an encapsulated form within 
microvesicles, known as exosomes, actively secreted by 
both normal and tumor cells, which travel laden with 
adhesion molecules, enzymes, structural proteins, and 
specific genetic material [37] (Figure 4).

In addition, the circulating tumor cells (CTC) are 
part of the concept of liquid biopsy. CTC undoubtedly 
contain 100% of the genetic information of each tumor, 
but their presence is relatively rare in the circulation and 
it is extremely difficult to detect them. Together, all the 
circulating genetic material can be isolated, amplified, and 
properly deciphered, providing much of the information 
corresponding to the cells present in the tumor of origin.

LB provides very valuable information regarding the 
presence of somatic mutations that are pharmacologically 
actionable and mutations that are resistant to current 
available therapeutics. These genetic information can be 
used as a biomarker of minimal residual disease, and as 
a theranostics tool to evaluate therapeutic behavior, such 
as optimal, suboptimal, or null response. In addition, LB 
allows for early detection of tumor or its relapse of tumor 
harboring genetic variants resistant to the first treatment, 
even before the onset of clinical symptoms and/or its 
detection by imaging methods. This early detection reduces 
the risk of tumor evolution, improving the patient’ life 
quality, and increase the event-free survival time. However, 
the main limitation of LB is that it cannot identify the site 
where the tumor is growing, or whether it is a primary or 
metastatic tumor.
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Blood or other bodily fluids can be used in the early 
detection of information about a tumor that perhaps cannot 
yet be detected by imaging procedures. The high sensitivity 
of molecular detection methodologies allows LB to become 
the ideal tool for monitoring therapeutic responses. Since 
the circulating genetic material can be found as free form in 
plasma, cerebrospinal fluid, urine, pleural fluid, and ascites, 
or as RNA adhered to (protected by) the platelet membranes. 
Circulating genetic material may also be quantifiable. Thus, 
the “molecular charge” or number of copies of given genes 
detected by multiplex droplet digital polymerase chain 
reaction (ddPCR) procedure is proportional to the tumor 
mass that is producing it[38]. In this way, it is possible to verify 
the drop in the number of copies of sensitive mutations, but 
at the same time, detect resistant mutations after a period 
of treatment with first-line ITKs. Clearly, this simultaneous 
information gives us an idea of the degree of efficacy of the 
first treatment, and documents the presence of a tumor 
relapse at the expense of a change in the pharmacogenetic 
identity of the emerging clone of said tumor. These 
“mutational changes” produced in the original clone, largely 
to be expected after the pharmacological pressure is exerted, 
provide new therapeutic targets that can be acted upon with 
other second- or third-generation drugs in some cases. Thus, 
targeted therapy could be started long before the cancer is 
clinically evident or detected by imaging. In general, when 
the images appear, it is because there is an important tumor 
mass and often consistent with stages of dissemination.

This property even makes it possible to verify the 
presence of metastasis in the central nervous system in 
cases of patients duly treated with first-line ITKs, where 
the original tumor is inactive, and is no longer releasing 
genetic material into the plasma, but as a consequence 
of the pharmacological pressure, sensitive mutations are 
still present in circulating DNA in the cerebrospinal fluid. 
Under this circumstance, the originally “sensitive” tumor 
managed to generate systemic metastases in different 
organs that can be abrogated by specific therapy, except 
those in the central nervous system since the access of the 
drugs is limited by the blood-brain barrier due to the high 
expression of the ABC-t of MDR. All positive results in the 
detection of one or several of these somatic mutations can 
identify and characterize a tumor constitute quantifiable 
markers, which can be used to detect minimal residual 
disease. Other important information is the presence 
of hypermethylated DNA fragments in CpG islands of 
promoter regions of tumor suppressor genes, such as 
SEPT9 (colon cancer) or SHOX2 (lung cancer). This type 
of epigenetic silencing, which inhibits tumor apoptosis, 
serves as an excellent marker of tumor lineage (Figure 5).

5. ddPCR applied to LB
At present, the latest ddPCR amplification techniques 
increases the sensitivity of detection, obtaining positive 
results even when the copy load of each of the mutations 
sought is extremely low. Under this circumstance, the 
tumor mass will be <104 cells, and the imaging studies will 

Figure  3. Liquid biopsy, implemented with droplet digital polymerase 
chain reaction, manifests the characteristics of an ideal biomarker. With 
high specificity and sensitivity, it can detect mutations of clonal lineage as 
well as sensitivity and resistance to treatment. The biomarker should be 
quantifiable, giving an idea of the magnitude of the tumor size, as well as 
serving as an indicator of minimal residual disease.

Figure 4. Every tumor usually presents a heterogeneous cell mass, and its 
genetic information will be present in the circulation. Circulating tumor 
cells, exosomes and different DNA fragments can be detected, quantified 
and identified according to the specific information they carry (i.e., 
immuophenotype and somatic mutations). The same information can be 
detected in virtually all bodily fluids. Furthermore, larger DNA fragments 
without specific genetic information are derived from cell turnover in 
normal tissues.
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remain negative since they require around 109 cells to be 
clinically detectable, and the patient probably does not 
show clinical signs or symptoms of this incipient relapse. 
In this way, a positive LB result achieves a significant 
diagnostic anticipation of the presence of a primary tumor, 
and allows both monitoring of therapeutic efficacy and 
early detection of the emergence of resistant variants[39-41] 
(Figure 6). Today, LB is being applied to the detection of 
most tumors, and the use of gene panels provides extensive 
information on the genetic fingerprint of each tumor, with 
high levels of sensitivity and specificity.

In our experience, we have been able to show how a LB 
sample from a patient with NSCLC, which was positive for 
the L858R susceptibility mutation, became negative in the 
1:125 dilution of the sample measured by real time PCR, 
but remained positive when the sample was processed by 
ddPCR in upto the 1:1250 dilution (Figure 7). 

This difference in sensitivity allows very early detection 
of the presence of sensitive and/or resistant mutations, 
which have great value in anticipating the diagnosis 
of relapses and allows for informed decision-making 
regarding the early installation of therapies according to 
the detected mutations.

The combination of the use of LB and ddPCR results 
in a strategy of great diagnostic and prognostic value in 
the therapeutic monitoring of cancer with target drugs, 
and allows for the identification and quantification of 
biomarkers of minimal residual disease.

6. Strengths and limitations of LB
Due to the reproducibility, high sensitivity and high 
specificity of the method, LB constitutes a tool of great 
diagnostic and therapeutic indication value in cancer. Its 
main advantage is that it can be applied as many times 
as necessary, and that it can be quantifiable, serving as 
a parameter for monitoring the therapeutic evolution of 
a tumor, and for detecting its mutational changes that 
require modifications in the treatment strategy. In this 
way, it plays a role in the monitoring of minimal residual 
disease.

Furthermore, the advantage of using a highly 
sensitive molecular amplification methodology such as 
ddPCR significantly increases its sensitivity to detect the 
presence of tumors in advance compared to conventional 
techniques. Since it is a molecular biology procedure, the 
high specificity of the method lies in the design of the 

Figure  6. The working principle of droplet digital polymerase chain 
reaction (PCR) is based on the segmentation of samples using water-in-oil 
emulsion of the PCR mix to generates 20,000 microdroplets that contain 
all the components, e.g., genetic materials. After the corresponding cycles, 
microdroplets are read individually by a laser flow cytometry system, 
which can quantify mutation burden and sensitivity.

Figure  5. Non-small cell lung cancer. The tumor mass can be 
heterogeneous, containing a proportion of non-mutated cells (wild 
type), and another presenting a sensitive mutation, such as the deletion 
of exon 19 of the EGFR gene. Pharmacological pressure following first-
line inhibitor of the tyrosine kinase treatment favors the appearance of 
clones harboring resistant mutations to this treatment, such as the T790M 
mutation. While the sensitive clone is disappearing, the resistant clone 
grows until a therapy with second- or third-generation TKIs specific for 
this tumor variant is started.

Figure 7. Comparative results of classical quantitative polymerase chain 
reaction (PCR) and droplet digital PCR.
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primers to be used. Collectively, both diagnostic qualities 
strengthen the utility of liquid biopsy.

These advantages of LB and ddPCR indicate that their 
combination would provide the best tools in the precision 
medicine of cancer. However, the main limitation is that 
the LB cannot define the site of nesting and tumor growth.

7. Concluding remarks
Early detection of pharmacologically actionable somatic 
mutations by LB-ddPCR makes it possible to establish 
the corresponding therapy, regardless of the location of 
the tumor. This strategy allows for the detection of clonal 
changes that warrant therapeutic modifications, which is 
instrumental for controlling tumor growth without side 
effects, and improving the life quality and survival of 
cancer patients. Hence, LB is an ideal theranostic approach 
for cancer.
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Abstract
Spinal cord injury without radiological abnormality (SCIWORA) is a rare condition 
that predominantly affects children. The enigmatic nature of SCIWORA poses 
significant challenges in terms of diagnosis, treatment, and achieving full recovery. 
Various factors, such as different injury mechanisms, delayed symptom onset, 
normal magnetic resonance imaging findings in certain cases, and complex 
management decisions, contribute to the challenges of dealing with SCIWORA. 
Attaining a significant outcome and complete recovery through a single-treatment 
approach is difficult. Therefore, a multifaceted treatment strategy is proposed to 
yield more favorable results. This paper comprehensively addresses the assessment 
and management, examination and diagnosis procedures, treatment methods, 
rehabilitation techniques, and potential complications associated with SCIWORA 
in children. The paper provides therapeutic guidance for physicians and medical 
staff, with the aim of enhancing survival rates and improving recovery outcomes. 
Moreover, it offers suggestions for restoring neurological functions in pediatric 
patients suffering from SCIWORA.

Keywords: Spinal cord injury without radiological abnormality; Pediatrics; Magnetic 
resonance imaging; Surgery; Therapeutic treatment; Rehabilitation

1. Introduction
The original description of spinal cord injury without radiological abnormality 
(SCIWORA) was first published in 1982[1]. SCIWORA is a rare disease that primarily 
affects children but also occurs in adults, with a higher prevalence in children due to 
anatomical differences and the mechanism of injury (MOI). In children outside of China, 
75% of spinal cord injuries (SCIs) are attributed to violent trauma, such as sports-related 
injuries, child abuse, motor vehicle accidents, falls, and diving accidents. Conversely, in 
China, 50% of cases result from nonviolent trauma during dance training, particularly 
related to backbend movements[2]. The underlying mechanism of SCIWORA in children 
is complicated and differs from that in adults[3]. The biomechanics of the pediatric spine 
plays an important role in this condition. Compared to adults, the higher elasticity of 
the children’s spine increases the risk of developing SCIWORA. Factors such as flexion, 
hyperextension, longitudinal distraction, and ischemia can contribute to SCIWORA in 
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children. When children engage in repetitive backbend 
movements, dynamic compression of the spinal vessel, 
and longitudinal traction of the spine during sustained or 
repeated hyperextension play critical roles in the onset of 
SCIWORA. Magnetic resonance imaging (MRI) serves as 
the gold standard for diagnosis and prognosis evaluation, 
although it may initially show a normal appearance. 
In addition, the symptoms of SCIWORA can exhibit 
delayed onset, and there is a possibility of recurrence[4,5]. 
Education and awareness are imperative for accurate 
diagnosis, treatment, prevention, and mitigation of further 
neurological function deterioration. Timely management 
of SCIWORA is essential to prevent secondary injury. 
At the same time, treatment decisions and management 
should be tailored on a case-by-case basis[6]. This article 
aims to provide essential insights into SCIWORA in 
children, assisting practitioners in achieving precise 
diagnoses and significant prognoses.

2. MOI
The pediatric spine exhibits significant differences from the 
adult spine, rendering the spinal cord susceptible to injury 
due to factors such as flexion, hyperextension, longitudinal 
distraction, and ischemia. The MOI underlying SCIWORA 
remains unclear, as some patients initially present with 
normal MRI findings. SCIWORA can be categorized based 
on the cause of injury:
i.	 SCIWORA caused by violent trauma (motor vehicle 

accidents and sports-related incidents), which has 
been reported by many researchers

ii.	 SCIWORA caused by minor trauma.
iii.	 Many children engage in backbend movement (repetitive 

hyperextension of the spine) during dance training 
(Figure  1). This practice is common Chinese dance 
training and bears similarities to movements commonly 
performed during surfing. Some children suffer 
non-traumatic SCIWORA, necessitating differential 
diagnosis to rule out conditions such as arteriovenous 
malformation, multiple sclerosis, acute transverse 
myelitis, acute disseminated encephalomyelitis, infarction, 
intramedullary neoplasms, and myelin oligodendrocyte 
glycoprotein antibody-associated disease[2,7-9]. External 
forces acting on the pediatric spinal column often do 
not result in fractures but instead cause elongation, 
gliding, and vertebral slippage. Longitudinal traction of 
the spine leads to violent distraction of the spinal cord, 
causing nerve fiber rupture[10]. Simultaneously, sustained 
or repeated hyperextension of the spine during dance 
training can lead to dynamic compression of the spinal 
vessel, resulting in vascular injury, venous hypertension, 
and venous congestion, ultimately leading to spinal cord 
ischemic injury. At present, the MOI following sustained 

or repeated hyperextension of the spine is believed to be 
caused by spinal cord ischemic injury, which exhibits 
similarities to a surfer’s myelopathy.

3. Assessment and management
Managing SCIWORA in children, especially those aged 
≤8  years old, poses several challenges[11]. SCIWORA 
encompasses traumatic myelopathy, a condition not 
associated with visible vertebral fractures or ligamentous 
abnormalities on ordinary radiographs and computed 
tomography (CT) scans, with some cases even presenting 
normal MRI findings[4,5,12]. These distinct case profiles 
exhibit significant variations in their presentation, 
medical management, and final neurologic outcome[13]. 
In the early period following onset, SCIWORA patients 
should undergo a neurological examination to assess 
sensorimotor functions and determine the appropriate 
treatment method. The American Spinal Injury 
Association Impairment Scale (ASIA) is recommended 
for evaluating their quality of daily life. ASIA is widely 
used as a quantitative diagnostic classification tool for 
neurological assessment post-SCI[14,15]. Early identification 
and evaluation of neurological deficits facilitate a deeper 
understanding and early intervention of each case[16]. 
Neurological deficits tend to worsen progressively and 
should be subject to repeated evaluations. The neurological 
dysfunctions typically reach their nadir after 8 – 24  h. 
Therefore, a case-by-case evaluation is essential before 
initiating SCIWORA management[17]. The evaluation of 
these cases goes beyond the ABCs of resuscitation[18].

Figure 1. Backbend movement. (A) Children’s hyperextension and spine 
shape; (B) spinal cord injury at T9 – T10, involving transient slippage of 
the apical vertebral body and facet joints, lateral compression injury of the 
spinal cord by the anterior and posterior ligaments, excessive longitudinal 
traction injury concentrated at the junction of the cauda equina and 
conus (similar to the different mechanics of the tendon-muscle body), 
and interfacial stretch injury.

BA

https://doi.org/10.36922/itps.1386


Spinal cord injury without radiological abnormalities

Volume 7 Issue 1 (2024)	 3� https://doi.org/10.36922/itps.1386

INNOSC Theranostics and 
Pharmacological Sciences

4. Imaging examination
Accurate imaging is vital for diagnosing SCIWORA in 
children. This section explores imaging techniques and 
their role in diagnosis and management.
i.	 X-ray imaging: The essential steps involve performing 

anterior-posterior, lateral view, and open-mouth 
X-rays. While X-ray imaging shows the alignment of 
the spinal column, it may not be sufficient for detecting 
many pathological changes in cases of SCIWORA.

ii.	 CT scans serve as the gold standard for evaluating and 
screening spine fractures, offering superior sensitivity 
and specificity in detecting bone abnormalities[19]. 
They offer enhanced and accurate details for 
identifying fracture types and bony abnormalities[20]. 
The use of multi-detector CT not only improves 
precision but also accelerates imaging compared to 
older CT technologies, making it an effective method 
for detecting vertebral fractures[21]. In addition, axial 
and 3D views in the CT scans are valuable tools for 
illustrating spinal canal shape, assessing facet joint 
stability, and distinguishing small, hidden lesions that 
may not be apparent on X-ray images[22,23].

iii.	 MRI becomes a routine examination when X-ray and 
CT results are normal, and it is the preferred method 
for determining the integrity, location, severity, and 
involvement of structures such as the intervertebral 
disk, ligaments, cauda equina, and nerve roots[24,25]. 
The T2-MRI signal allows for differentiation between 
edema, contusion, or ischemia (high signal) and 
hemorrhage (low signal), making the T2-MRI image 
the most valuable diagnostic tool for SCIWORA 
diagnosis[26,27]. Moreover, it is essential not to restrict 
MRI to a single vertebral level[28]. MRI stands as the 
best choice for assessing the severity of SCIWORA, 
and it is important to perform MRI examinations 
at every follow-up visit[29]. In addition, performing 
follow-up MRIs can reveal dynamic pathological 
changes in the spinal cord. Examining the entire spine 
can be particularly helpful in identifying soft-tissue 
injuries and micropathological abnormalities. Early 
MRI scans offer some advantages, especially in cases of 
severe injury, that may reveal pathological changes[30]. 
The extent of edema on MRI is not consistent with 
neurological injury level. In certain cases, features of 
spinal cord abnormalities may only become apparent 
on MRI after 1 – 2 days[31]. The timing of MRI scans 
has proven to be critical; serial scans can detect active 
intramedullary and extramedullary lesions and signal 
variations, or previously undetected anomalies. 
MRI is capable of revealing transaction, contusive 
hemorrhage, traumatic edema, and concussion[32]. 
Many cases of SCIWORA showed no abnormalities 

on MRI, leading to their classification as “real 
SCIWORA”[9,13,28]. The “real SCIWORA” syndrome is 
a condition that necessitates a complete spinal MRI to 
rule out structural and potentially dangerous causes 
of neurologic dysfunction[33]. Furthermore, various 
quantitative MRI techniques, including diffusion 
tensor imaging (DTI), can indicate micropathological 
changes in white matter (WM) by observing the 
diffusion direction and distribution of water molecules. 
More precisely, DTI provides an evaluation of injury 
severity, location, and classification[34-38]. However, 
to confirm a SCIWORA diagnosis, it is essential to 
conduct multiple MRI examinations or incorporate 
other imaging techniques, such as MRA.

5. Diagnosis
The diagnosis of SCIWORA should be based on an 
evaluation of the patient’s symptoms and, subsequently, an 
assessment of the stability of the bony structures, with the 
exclusion of fractures, dislocations, soft-tissue injuries, and 
micropathological changes as revealed by MRI scans. It is 
imperative to differentiate SCIWORA from other potential 
conditions such as arteriovenous malformation, multiple 
sclerosis, acute transverse myelitis, acute disseminated 
encephalomyelitis, infarction, and intramedullary neoplasms 
during the diagnostic process. The severity of SCIs is 
currently categorized based on the ASIA grading system and 
MRI findings[39-41]. The ASIA grades are as follows:
i.	 Grade A: Complete loss of motor and sensory function 

below the injury site.
ii.	 Grade  B: Sensory incomplete injury, where neither 

sensory nor motor function is maintained below the 
injury level or on either side of the body, and no motor 
function is preserved for more than three levels below 
the injury site.

iii.	 Grade  C: Motor incomplete injury, characterized by 
preserved motor function below the injury level, with 
more than half of key muscle functions graded at <3 at 
a single level below the injury.

iv.	 Grade D: Motor incomplete injury, which is similar to 
grade C but involves a higher degree of preserved key 
muscle function, with muscle grades exceeding three.

v.	 Grade  E: A  return to normal function, where all 
sensory and motor function segments are classified as 
normal in a patient who previously exhibited deficits.

However, it is important to note that there are 
limitations in applying the ASIA classification system 
to young children, and accurately assessing the severity 
and ASIA grade of SCI in pediatric patients is difficult. 
Therefore, repeated assessments of neurological function 
are important. Moreover, a 72-h examination provides 
a more accurate prediction of outcomes in patients with 
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motor complete injuries (Grades A and B)[42]. The MRI 
features help to classify the severity of the injury, as they can 
reveal various conditions, including normal appearance, 
edema, hemorrhage, soft-tissue injury, or contusion[9]. 
Moreover, repetitive MRI examinations can reveal distinct 
pathological changes, even in cases where the initial MRI 
appears normal, which is attributed to the strength of the 
external forces. Notably, during the acute stage, diagnosing 
spinal shock can be challenging. Therefore, the utilization 
of DTI and diffusion tensor tractography (DTT) may 
provide a more accurate diagnosis[43].

6. Treatment
SCIWORA patients with complete neurological deficits 
often experience poor recovery in their neurological 
function. It is essential to consider the developmental 
changes that children undergo and to provide appropriate 
care as they mature. It is essential to consider the 
developmental changes that children undergo and to provide 
appropriate care as they mature. Treatment for SCIWORA 
varies according to the patient’s MRI findings and ASIA 
grade[44]. Whether surgical or non-surgical, the primary 
objective remains the prevention of secondary injuries 
and the achievement of a favorable prognosis[45]. Surgery 
becomes necessary if the spine is unstable or if symptoms 
deteriorate during conservative treatment. The treatment 
approach for SCIWORA should be individualized, taking 
into account the unique circumstances of each case[46]. 
Treatment options for SCIWORA include immobilization, 
surgical decompression, pharmaceutical therapy, early 
rehabilitation, preventive measures, and post-treatment 
care[39,47-52].

6.1. Pre-hospital aid

Appropriate and accurate pre-hospital medical attention 
is critical in managing SCIWORA, as it significantly 
contributes to lowering mortality and improving 
overall patient prognosis. Achieving early diagnosis 
and developing more effective treatment strategies 
for SCIWORA necessitate the close collaboration of a 
multidisciplinary team of healthcare professionals[53]. 
Multiple medical teams, including emergency medical 
technicians, paramedics, orthopedic specialists, 
emergency physicians, neurosurgeons, general surgeons, 
intensive care unit personnel, radiologists, neurologists, 
and anesthesiologists, must work in concert to address 
the complex nature of SCIWORA cases[54]. Given the 
lack of precise scientific data supporting standardized 
treatment protocols, therapeutic decisions should be 
tailored to individual patient needs and should involve a 
multidisciplinary team of experts[55]. The implementation 
of transfer and pre-hospital care guidelines for SCIWORA 

is essential and should be universally adopted across all 
health-care facilities[56,57].

After a spinal cord injury, paramedic staff should 
promptly assess the patient’s condition and immobilize 
the patient to prevent further movement of the head 
and the entire spine, thus reducing the risk of secondary 
injury[9,18,58-60]. Health-care teams must be cautious when 
obtaining the medical history of SCIWORA patients. 
Moreover, it is crucial to show care and attention during 
intra-hospital transfers within a single institution to 
minimize the risk of adverse events during the transfer 
procedure[61,62]. Effective communication between 
emergency services and the treatment facility is essential. 
Absolute cooperation between multiple disciplines not only 
safeguards the patient from further SCI but also expedites 
diagnosis and facilitates better treatment decisions[63-65].

6.2. Conservative treatment

Once the diagnosis of SCIWORA and the assessment of injury 
severity have been established, it is essential to monitor the 
patient’s vital signs to ensure stability. Conservative treatment, 
characterized by the avoidance of surgery and reliance on 
non-operative treatments, is always the first choice, and 
surgical intervention is considered the last option. However, 
in emergency situations, surgical intervention may become 
necessary. Moreover, if symptoms worsen during conservative 
treatment and the patient’s stability is compromised, 
alternative treatment options must be considered. Notably, 
some patients respond well to conservative treatment, 
achieving significant improvements[9,66,67]. Conversely, there 
are cases where conservative treatment does not yield any 
improvement[18,27,68].

6.3. Pharmaceutical therapy

Methylprednisolone (MP) therapy has shown potential 
for improvement and favorable clinical outcomes in some 
cases[13,32,69-71]. However, recent studies have reported poor 
prognoses associated with MP treatment[25,58,72-75]. Since 
2013, the American Association of Neurosurgeons and the 
Congress of Neurological Surgeons guidelines no longer 
recommend the use of MP. In 2017, AOSpine recommended 
MP as a treatment option for patients within 8 h of acute 
SCI. Notably, in pediatric patients with acute SCI, high-
dose MP administered within the first 8 h failed to show 
any advantages but showed an increase in incidences of 
pneumonia and other complications such as osteoporosis 
and femur head necrosis, especially in intensive care 
unit cases[76,77]. However, certain forms of SCIWORA 
(e.g., surfer’s myelopathy and acute hyperextension SCI) 
result from ischemic insults to the spinal cord, and there 
is no place for the use of steroids or other drugs such as 
Ganglioside (GM), in the treatment of these patients. 

https://doi.org/10.36922/itps.1386


Spinal cord injury without radiological abnormalities

Volume 7 Issue 1 (2024)	 5� https://doi.org/10.36922/itps.1386

INNOSC Theranostics and 
Pharmacological Sciences

Furthermore, there is a lack of evidence supporting the use 
of drugs in the treatment of SCIWORA in children.

6.3.1. Considerations for determining drug dosage

The determination of drug dosage should take into account 
the following criteria:
i.	 Age of the children
ii.	 If the child’s age, weight, and vital signs are stable, 

ensure open communication with the child’s family 
regarding the potential risks associated with the use of 
these drugs

iii.	 For intravenous (IV) drug therapy, consider factors 
such as infusion rate, body weight, dosage, initial 
IV dose, and maintenance infusion rate before 
administering MP

iv.	 To minimize the risk of complications, discontinue 
MP as soon as previous neurological issues have been 
resolved

v.	 Ideally, pharmaceutical therapy should commence 
within the first 8  h after the injury, but it can be 
considered up to 24 h post-injury[76,78]

vi.	 Contraindications for MP use include patients at 
risk of pneumonia, diabetes patients, those with 
gastrointestinal abnormalities, a time gap of more 
than 24  h since injury, complete SCI, open injuries 
associated with SCI, and cases where operative 
treatment is indicated.

6.4. Immobilization

Immobilization serves as the first step in the treatment of 
SCIWORA, with removal following injury stabilization[74]. 
Immediate immobilization at the accident scene should be 
maintained until a comprehensive assessment of the child can 
be conducted. The practice is essential for preventing further 
damage and risky activities[79,80]. External immobilization is 
recommended for a duration of up to 12 weeks. Moreover, 
early discontinuation is suggested for asymptomatic patients 
with confirmed spinal stability[81]. Early immobilization is 
associated with a favorable prognosis. However, cervical 
spine immobilization is complicated due to its intrinsic 
elastic characteristics. Furthermore, the inherent limitations 
of the cervical collar (allowing some degree of rotation 
leading to incomplete stability) and potential risks associated 
with the use of the halo vest (infection, pin loosening, and 
psychological effects) are all crucial points to consider[41]. 
The benefit of rigid immobilization is unproven in the case 
of strictly normal MRI[82].

6.4.1. Points to consider in immobilization following 
points

i.	 Initiate early immobilization, perform extrication, 
provide initial resuscitation, and arrange for evacuation 

to a trauma facility capable of diagnosing and treating 
the patient

ii.	 Maintain immobilization until the patient becomes 
asymptomatic

iii.	 Discontinue cervical immobilization if an MRI 
conducted within 48 h of injury reveals no pathological 
changes

iv.	 In cases associated with atlanto-occipital ligamentous 
injuries, consider recommending halo vest 
immobilization or occipitocervical stabilization and 
fusion.

6.5. Surgery

Non-operative treatment is always the first choice for 
SCIWORA, especially in cases of stable spine injuries. 
Surgical intervention becomes an option if conservative 
therapy fails or if the injury is unstable. However, in cases of 
progressive neurologic deterioration with or without spinal 
cord compartment syndrome or spinal cord intramedullary 
hypertension during conservative treatment, as well as in 
instances involving cord compression due to a hematoma, 
extruded disk, bony fragment, or unreduced dislocation, 
immediate surgical intervention is required to achieve a 
favorable recovery. Surgical intervention, when indicated 
in SCIWORA cases, has been shown to be safe and 
associated with significant positive outcomes, especially 
when performed promptly after the onset[47,49,75]. When 
the thoracolumbar injury classification and severity score 
(TLICS) is <3, conservative treatment is generally suitable. 
However, when the score reaches 4 points, the decision 
may lean toward operative or non-operative treatment. 
Moreover, the TLICS system provides guidance for surgical 
treatment decisions in patients with a TLICS score of 5 or 
higher[83,84].

6.5.1. Novel surgical approaches

Non-fusion laminectomy, followed by immobilization, has 
shown promise in significantly improving outcomes in 
children while reducing complications related to the growth 
scales[85]. However, it can have adverse effects on children’s 
growth, potentially leading to spine misalignment and 
internal fixator loosening. Laminectomy is a procedure 
that can alleviate pressure on the spinal cord. However, 
minimizing muscle dissection and reducing the number 
of vertebrae involved in the laminectomy can enhance 
post-operative stability. In an effort to mitigate the 
complications associated with other treatment methods 
and achieve significant results, cerebrospinal fluid lumbar 
drainage has been considered as a potential treatment 
choice. It is essential to exercise caution when using this 
approach, and further clinical studies are required to 
establish its effectiveness[86].
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6.6. Treatment decision

The treatment decision for SCIWORA in children is 
complex as it depends on various key factors, including:
i.	 Age of the child
ii.	 Severity of the injury
iii.	 Time of symptoms onset
iv.	 ASIA grade at the time of admission
v.	 Symptoms deterioration
vi.	 Patient stability and associated injuries
vii.	 Presence of deformity or other spine-affecting diseases
viii.	MOI
ix.	 Number of affected segments
x.	 Presence of intradural, extradural, or both
xi.	 Appearance of edema, hematoma, or both.

6.7. Rehabilitation procedure

Rehabilitation techniques are designed to avoid secondary 
effects, promote neurological recovery, and improve motor 
function. Once injury stabilization has been achieved, 
the focus of rehabilitation shifts to preventing secondary 
complications. In SCI patients, it is crucial to consider 
the physical, neurological, emotional, and psychological 
changes that arise during childhood and early adolescence. 
This holistic approach, often referred to as the “medical 
home,” is the most important and critical factor in the 
management of SCI[87]. The ultimate goals of recovery 
are as follows: (i) Strengthening everyday independent 
life practices; (ii) facilitating adaptation to a new way of 
life through recreational activities and household events; 
and (iii) supporting reintegration into the children’s 
environment[88]. Home-based interventions during 
rehabilitation therapy have proven effective in promoting 
the development of motor functions[89,90]. Following a SCI, 
extensive practice, including over-ground practice, results 
in significant recovery[91]. In pediatric rehabilitation, 
numerous tools are available, but some present 
disadvantages, particularly in young children. Achieving 
optimal recovery can be challenging, as it often requires 
a significant amount of space for assessment. In addition, 
item-based tasks can be time-consuming, and certain trials 
may not be appropriate, especially for young children[92]. 
Initiating early rehabilitation training following the 
selected treatment method can help reduce the incidence 
of pressure sores, deep vein thrombosis (DVT), and other 
complications. This approach can also lead to a better 
prognosis and improved outcomes[93]. Spasticity following 
SCI is a motor disorder characterized by increased muscle 
tone with exaggerated tendon jerks. Some medications, 
such as tizanidine, can cause hypotension and bradycardia, 
while Clostridium botulinum works as a neuromuscular 
blocker. If the patient does not exhibit any changes, it is 
important to consider the secondary complications of 

SCI, such as DVT, fractures, gastric ulcers, heterotopic 
ossification, or syringomyelia. To prevent these 
complications, it is advisable to use the lowest spasticity 
medication that is effective, ensure the patient stays warm, 
and be mindful of cold weather conditions[15,94].

6.8. Complications of SCI in children

Complications resulting from SCI in younger children 
differ from those in adolescents and adults, necessitating 
early prevention and intervention. Among younger 
children with SCI, 96% developed scoliosis, 57% had hip 
dysplasia, and 7% exhibited a latex allergy. In cases where 
injuries were at or above the T6 level, 34% experienced 
autonomic dysreflexia, 41% developed pressure ulcers, 
and 61% suffered from spasticity, particularly in the 
absence of bowel or bladder control. Notably, 82% were 
on intermittent catheterization, and 69% were on a bowel 
program. Additional complications include hyperhidrosis, 
kidney stones, ambulation, wheelchair dependence, 
lifelong growth and developmental issues, and various 
secondary complications, such as decreased bone 
density, increased risk of fracture, muscle atrophy, and 
cardiovascular impairments, all of which may arise from 
SCI[29]. Complications such as pulmonary compromise, 
pneumonia, urinary tract infection, gastrointestinal 
bleeding secondary to stress ulcers, DVT, decubitus ulcers, 
and even the risk of death pose significant challenges in 
the treatment of children with thoracic and lumbar spinal 
cord lesions[95]. Preventing DVT is helpful in reducing 
patient mortality and the risk of pulmonary embolisms. 
Moreover, the early elevation of the patient’s head of the 
bed is essential to prevent various respiratory-related 
complications. These complications should be viewed as 
risks of SCI, emphasizing the need for early prevention and 
intervention throughout the rehabilitation process.

6.9. Traditional Chinese medicine (TCM)

TCM is an important supplementary treatment in potentially 
repairing injured spinal cords. Early implementation of 
TCM therapy has demonstrated effectiveness in improving 
motor function in SCI patients[96]. Six active natural 
compounds found in herbs commonly used in TCM 
exhibit anti-inflammatory and antioxidant properties. 
These compounds have been shown to significantly reduce 
bleeding, edema, and necrotic tissue in the damaged area[97]. 
Consequently, TCM can serve as an auxiliary therapy to 
promote functional recovery following SCI[98].

6.10. Post-treatment suggestions

Delays in symptom presentation and the potential for 
recurrence pose significant risks in SCIWORA cases, and 
nursing management should be vigilant in this regard[99]. To 
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mitigate the risk of disease recurrence, patients are advised 
to avoid physical activities during the first 6 months post-
treatment[81,100]. In cases of asymptomatic craniocervical 
arterial dissection, the use of aspirin, clopidogrel, or other 
antithrombotic agent for 3 to 6  months is recommended 
as first-line therapy. Furthermore, if symptoms progress, 
consideration may be given to anticoagulation therapy (using 
low-molecular-weight heparin or warfarin). It is important 
to note that these medical therapies carry an increased risk of 
hemorrhage[39]. In addition, conducting post-operative CT 
and MRI on the 2nd day following treatment can help assess 
treatment complications, monitor the patient’s progress, and 
evaluate the stability of the injury[101].

7. Prognosis
Differences in the MOI present significant challenges in 
the diagnosis, treatment, and prognosis of SCIWORA. 
SCIWORA can be devastating. According to the previous 
reports, early improvement within the first 24 – 72  h of 
presentation has been observed in some patients. Children 
who experience minor trauma, have incomplete injuries, 
or remain stable throughout treatment can achieve full 
recovery. In contrast, the prognosis for patients with 
complete injuries, instability, or worsening symptoms 
depends on factors such as the treatment method, 
treatment time, and the severity of injury. Moreover, the 
presence of spinal cord disruption or major hemorrhage on 
MRI in cases of severe neurologic deficit is associated with 
a poor prognosis. Conversely, mild SCIWORA (spinal cord 
concussion) usually results in full recovery, and a normal 
MRI appearance is indicative of a favorable prognosis[81]. 
The use of DTI and DTT to categorize SCI can help in 
determining the severity, prognosis, and optimizing 
diagnosis by detecting microscopic pathological changes 
in the WM[34,43,93]. The prognosis in cases of SCIWORA 
depends on the child’s age, injury location, neurological 
examination findings, detected MRI abnormalities, and 
classification based on DTI-DTT.

8. Prevention
Given the rarity and complexity of SCIWORA cases, 
where multiple treatment attempts often fail to control the 
condition, it becomes imperative to address the underlying 
causes. Public awareness, especially among individuals 
and their families, is crucial, particularly for children 
under the age of 8 who may exhibit warning signs. Those 
engaged in activities involving prolonged and repeated 
spinal hyperextension, such as dance instructors, should 
take measures to minimize this risk. Parents should avoid 
actions that could potentially harm their child’s spine, 
such as shaking the baby or rough handling. It is essential 
for everyone to be well-informed about how to respond 

in case a child experiences SCIWORA symptoms. In 
addition, health-care professionals should be vigilant, as 
some SCIWORA cases may present with normal initial 
MRI scans.

9. Conclusion
SCIWORA is frequently diagnosed in children aged 
≤8 years old, and the unique characteristics of the pediatric 
spinal cord play a critical role in this condition. Various 
MOIs can result in SCI or ischemia. The objective of this 
guideline is to provide a comprehensive framework and 
treatment approach for addressing SCIWORA in children. 
Moving forward, effective treatments should be developed 
through multidisciplinary collaboration and supported 
by robust evidence-based medicines. As new treatment 
measures continue to evolve to improve the quality of life 
for children with SCIWORA, this guideline will undergo 
further revisions and improvements.
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Abstract
Developing more specialized care for neurological disorders, such as aneurysms, 
arteriovenous malformations, and strokes, can revolutionize patient healthcare 
and outcomes. With the advent of surgical techniques such as flow diversion, non-
stent-  and stent-assisted coiling, and catheter embolization for elective aneurysm 
treatment in neurological patients, the adverse effects and morbidities associated 
with aneurysms can be reduced. This paper aims to highlight three specific strengths 
and weaknesses of the newly emerged techniques. Flow diversion devices involve 
placing a stent in the parent artery, whereas Woven EndoBridge embolization involves 
manipulation of the wall of the artery without the administration of dual-antiplatelet 
therapy. In addition to aneurysm treatment, the administration of antiplatelets 
and anticoagulants is helpful in disrupting the coagulation cascade. As stated in 
the new and enhanced guidelines released by the American Heart Association, the 
administration of dual anticoagulants is beneficial to the patients if they have low 
ischemic severity. Understanding the various benefits and complications associated 
with each treatment can allow clinicians to gain insight into the potential trajectory 
of treatment for different patients.

Keywords: Aneurysm; Stent-assisted embolization; Antiplatelet therapy; Woven 
Endobridge embolization; Catheter embolization

1. Introduction
In the realm of neurosurgical care, emerging approaches have opened up new frontiers 
and revolutionized the management of challenging neurovascular manifestations by 
offering patients minimally invasive treatments that come with exceptionally promising 
outcomes[1-3]. The field of neurovascular diseases encompasses a wide range of neurological 
disorders, such as intracranial aneurysms, acute ischemic strokes, cerebral arteriovenous 
malformations, and vascular growths, which require specialized expertise and thorough, 
comprehensive care. For instance, cerebral aneurysms — abnormal bulges that develop 
in the blood vessels of the brain — and arteriovenous malformations — tangled networks 
of abnormal blood vessels in the brain or spine — are both vascular conditions that 
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can disrupt the normal flow of blood in the brain[4]. These 
vascular anomalies pose a considerable threat of rupture, 
which can consequently result in severe neurological 
implications, including the onset of subarachnoid 
hemorrhage[4-6]. These challenges have driven the rapid 
development of vascular devices and surgical techniques, 
such as flow diversion, non-stent- and stent-assisted coiling 
(SAC), and catheter embolization[3,7], promoting the rapid 
evolution of the neurovascular surgery field.

Neurovascular disorders pose serious risks to 
heightened morbidity and mortality rates among the 
affected patients if such conditions are left uncontrolled, 
and thus, the management of these disorders has become 
an emerging area of concern in the field of neurology 
and neurosurgery, which has a bearing on the patients’ 
quality of life[6]. In essence, the regulation of neurovascular 
diseases is a critical aspect of healthcare that emphasizes 
the minimization of thromboembolic events while 
ensuring adequate blood supply to the brain[8-10]. This, in 
particular, is a crucial area of research and clinical practice, 
as neurovascular conditions can have severe consequences 
for patients, such as cognitive impairments and, under 
serious circumstances, even death. To address these clinical 
issues, health-care professionals must employ a range of 
strategies that include not only surgical procedures but 
also pharmacological interventions. By implementing 
these approaches, health-care providers can help improve 
patient outcomes and reduce the burden of neurovascular 
manifestations on individuals and society as a whole.

The administration of antiplatelet and anticoagulant 
agents is a widely accepted approach to achieving 
therapeutic goals in patients with neurovascular disorders 
(Figure 1). Primarily, these agents are utilized to prevent 
the formation of blood clots, which could potentially lead 
to the development of severe complications, such as stroke, 
myocardial infarction, and pulmonary embolism[11]. 
Antiplatelet agents are widely utilized to prevent thrombus 
formation by inhibiting platelet aggregation[12]. Of interest, 
aspirin and clopidogrel are two commonly used drugs — 
efficacious in diminishing the risk for thrombosis[12,13]. 
Similarly, anticoagulant agents act by impeding the 
coagulation cascade, thereby inhibiting the formation of 
blood clots[14]. Warfarin and heparin are two commonly 
used anticoagulants that clinical studies have shown 
to be effective in preventing the formation of thrombi 
in vascular disease[15-17]. As such, the administration of 
antithrombotic agents is of paramount significance in 
patients with neurovascular disease, as they are at an 
increased risk of thromboembolic events[17,18]. However, the 
administration of the pharmacological agents mentioned 
above necessitates meticulous management, and their 
impact on bleeding and thromboembolic events must be 

closely monitored. The administration of antiplatelet and 
anticoagulant therapy is a crucial aspect of medical care 
that necessitates a personalized approach, contingent on 
the patient’s symptoms and presentations, as well as the 
nature of the intervention being executed.

As of recently, the American Heart Association and the 
American Stroke Association have jointly released a revised 
set of management guidelines for the administration of 
antiplatelet and anticoagulant therapy in patients subjected 
to neurovascular procedures[19,20]. These guidelines cover 
a range of topics, including the selection of appropriate 
pharmaceutical interventions, the timing of therapy 
initiation and discontinuation, and the management of 
bleeding complications[19,20]. Ultimately, the purpose of this 
document serves to establish a uniform methodology for 
health-care practitioners to administer these treatments, 
with the aim of improving patient outcomes and 
minimizing the likelihood of unfavorable incidents[21]. 
Through dedicated adherence to these guidelines, health-
care professionals can ensure that patients undergoing 
neurovascular interventions will receive optimal care 
and achieve the best possible outcomes. The efficacy and 
safety of these pharmaceutical agents have been rigorously 
scrutinized in several studies, which also further 
highlighted the significant role of these agents in the 
reduction of adverse outcomes in high-risk patient[22-24]. 
Therefore, the use of antiplatelet and anticoagulant agents 
remains a cornerstone of modern medical practice, but 
most importantly, in the world of neurovascular diseases.

2. Utility and efficacy of flow diversion
Flow-diverter devices (FDDs) are an emerging method 
for treating cerebral aneurysms. As seen in Figure 2, this 
method is performed by placing a stent in the parent 
artery where the aneurysm neck is located to disrupt intra-
aneurysmal flow, favoring intra-aneurysmal thrombosis[25]. 
Using this device, the growth of endothelial cells over the 
neck of the aneurysm progressively excludes the aneurysm 
sac from circulation[26].

Specifically, the utilization of FDD promotes flow 
disruption and formation of a stable blood clot within the 
aneurysm, ultimately contributing to aneurysm occlusion. 
The endothelization process begins as soon as the FDD is 
deployed, and adhesion of undifferentiated cells occurs 
indiscriminately along the implanted stent[27,28]. Within 
1 day of implantation, inflammatory cells cluster across the 
aneurysm neck. Compared to coil embolized aneurysms, 
the presence of tumor necrosis factor-alpha and monocyte 
chemoattractant protein-1 in FDD-treated aneurysms 
suggests that invading inflammatory biological units like 
macrophages may support healing following implantation 
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of FDDs[29]. In addition, it has been shown that utilization 
of FDD in the treatment of aneurysms upregulates 
expression of apelin, cyclin B1, intercellular adhesion 
molecule 2, and CXCL8, key genes involved in endothelial 
function, mitogenic activity, cell cycle progression, and 
angiogenesis[30]. Thus, it is believed that due to enhanced 
gene expression, FDD intrinsically facilitates upregulated 
endothelization[26].

In addition, adhesion of differentiated smooth muscle 
cells results in the formation of a histologically visible 
initial neointima layer ~7  days after FDD implantation. 
At the ~8-week mark, CD31+ endothelial cells appear over 
the neointimal layer of the smooth muscle antigen-positive 
cells[27].

Most current studies regarding intracranial aneurysm 
treatment utilized FDDs, pipeline embolization device, 
and silk embolization device[31,32]. In treatment of cerebral 
aneurysms, flow diversion has been shown to have a high 
success rate of 93 – 95% and a low complication rate of 
2.3 – 5.6%[33]. Finally, a recent study has shown 83.5% and 
85.2% occlusion rates for 1-year and 3-year follow-ups, 
and confirmed that FDDs are effective and safe in short-
term and long-term follow-ups[34].

3. Flow diversion devices compared to 
traditional embolization techniques
Traditional methods for treating intracranial aneurysms 
include coil embolization (CE), stenting, and Woven 
EndoBridge (WEB) embolization (Figure 3). 

CE involves the insertion of a microcatheter into the 
femoral artery before it moves to the site of the aneurysm 
for navigation. On reaching the aneurysm site, small 

Figure  1. Acute ischemic stroke guidelines. Simplified, schematic representation of the 2021 revised American Heart Association/American Stroke 
Association recommendations for antiplatelet therapy in patients with acute ischemic stroke, a prevalent neurovascular disorder. NIHSS indicates National 
Institutes of Health Stroke Scale, an assessment of the severity of ischemic activity.

Figure 2. Flow diversion device following implantation.
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helical platinum coils are deployed to fill the aneurysm 
and prevent further expansion[35]. Compared to FDD, 
CE devices have shown relatively low rates of complete 
occlusion but unfortunately are correlated with high rates of 
recurrence, especially when used to treat large intracranial 
aneurysms[36]. Stent-assisted CE has been shown to achieve 
more optimal outcomes compared to traditional CE but 
still faces high recurrence rates of 20 – 57% in treated 
patients[37,38].

On the other hand, WEB embolization is a device 
used to disrupt flow along the neck of the aneurysm[39]. 
This device functions as an intrasaccular flow diverter by 
placing a metabolic mesh along the wall of the aneurysm 
and the neck[39]. It is designed as a stand-alone therapy 
for the management of saccular aneurysms, unruptured 
or ruptured[39]. Other flow-disruption devices require the 
use of dual antiplatelet therapy (DAPT), while data suggest 
that the WEB device may be placed without the need for 
DAPT due to the high degree of neck coverage[39].

4. Protocol for antiplatelets and 
anticoagulant therapy
Although neurointerventional surgery offers benefits 
to patients with neurovascular diseases and stroke, 
the complications are difficult to avoid and ultimately 

diminish the efficacy of the intervention[40]. One possible 
complication that carries significant risk is the development 
of a thromboembolism[40]. Thromboembolisms are 
more inclined to attach to devices such as catheters due 
to repeated damage to the vascular walls[40]. Therefore, 
anticoagulation agents, such as heparin, and antiplatelet 
agents are commonly employed to decrease risk of 
thromboembolism. The use of antiplatelet agents before 
and during the procedure is deemed safe and efficacious 
in reducing the risk of a thromboembolism for unruptured 
aneurysms[40]. Antiplatelet agents, such as aspirin and 
clopidogrel, show evidence of reducing thromboembolism 
risk in coronary angiography and coronary endovascular 
interventions[41]. Aspirin works by irreversibly inhibiting 
the enzyme, cyclooxygenase-1 (COX1), preventing the 
conversion of arachidonic acid to thromboxane A2[42]. 
Conventionally, aspirin and clopidogrel are used in 
combination during aneurysm coiling and have shown 
to reduce thromboembolic events[43]. Heparin is an 
anticoagulant that is not traditionally used in diagnostic 
angiographic procedures but may be used in coiling 
procedures for patients with uninterpreted aneurysms[44]. 
Heparin use has shown to be efficacious in selected cases 
where there is cerebral ischemia or coil migration into 
the lumen of the parent vessel, but the use of heparin in 
ruptured aneurysms is not indicated[44]. Current guidelines 
recommend the use of DAPT for 3 – 6 months, but a meta-
analysis published in 2021 found that single antiplatelet 
therapy involving aspirin reduced bleeding without raising 
the risk for stroke or death[45].

Abciximab is a Fab monoclonal antibody which blocks 
the IIb/IIIa receptor to inhibit platelet blockade[40]. Its 
effects occur within 10  min of administration and may 
persist for up to 48  h[46]. Abciximab inhibits platelets 
throughout the duration of intravenous infusion[47]. One 
study found that abciximab engendered a better response 
to clots in aneurysm coiling procedures, which were 
complicated by the formation of a thrombus[48]. Therefore, 
abciximab proves to be efficacious for intra-procedural 
thrombus formation. In addition, the risk of hemorrhagic 
complications is reduced in both unruptured and ruptured 
aneurysms[40].

5. Coiling
Endovascular coiling or embolization and open 
microsurgical clipping are considered the main standard 
non-conservative preventive treatment options in patients 
afflicted by unruptured cerebral aneurysms in addition 
to arteriovenous malformations[49]. In general, surgical 
clipping is commonly performed in younger patients, 
especially those admitted due emergency[50]. During the 
non-SAC process, a wired catheter is passed through the 

Figure  3. Impact of administering a microcatheter-deployed coiling to 
patients suffering from intracranial or intracerebral aneurysms.
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femoral artery and is then threaded up to the affected artery 
with the aid of fluoroscopic guidance[51,52]. A microcatheter 
is then inserted through the original catheter, delivering 
soft platinum metal coils into the aneurysm space[53]. These 
initially straight-configured metal coils vary in sizes and, 
after detachment from the microcatheter by means of 
electrical induction, conform to various predetermined 
circular shapes[51]. Multiple coils may be deployed to 
sufficiently fill the aneurysm compartment[54,55]. Short-
term success is indicated by coil-induced thrombus of the 
post-operative space shown on immediate angiography, 
resulting in an adequate seal from arterial blood flow[56].

Coiling without stent assistance is distinct in that a 
stent is not placed in the arterial space either before or after 
coil deployment into the aneurysm[57,58]. Intravascular tent 
assistance has been generally indicated based on aneurysm 
neck size. More specifically, stent use for cases of wide-
necked aneurysms has been shown to provide structural 
scaffolding support for coiling integrity and density within 
the aneurysm sac[59]. However, ongoing studies have been 
aimed at establishing comparisons between coiling alone 
and coiling with stent assistance based on criteria including 
overall efficacy and safety in addition to solely anatomic 
parameters such as aneurysm diameter[60]. Both Hong 
et al. and Phan et al. conducted separate meta-analyses 
comparing the two aforementioned procedures with data 
analysis suggesting that SAC results in significantly higher 
progressive thrombosis rates and lower recurrent rates 
than coiling alone[61,62]. Conversely, immediate occlusion 
rates and complications including hematoma, dissection, 
perforation, stroke, and mortality were statistically 
similar between the two pooled groups[61,62]. As expected, 
mean aneurysm size was calculated to be slightly over 
1  mm in the SAC cohort. Although both studies were 
based on retrospective cohort analysis, the evidence 
leads way to current and future randomized controlled 
trials to determine if standard intracranial aneurysm 
treatment should shift toward SAC, particularly if this 
option does not pose any significantly increased concern 
for complication. Endovascular coiling alone carries an 
approximately 25% recanalization rate, but technological 
advancements to coil properties have been made in an 
effort to reduce this trend[63]. Variation of coils in terms 
of shape, size, malleability, material, and detachment sites 
allows providers to employ more effective thrombotic 
structures for each intracranial aneurysm case. Moreover, 
adjunctive devices and techniques to coiling alone have 
been developed and extensively studied studied[64].

As previously mentioned, endovascular coiling of 
cerebral aneurysms presents as a relatively conservative 
treatment option, particularly in cases of unruptured 
aneurysm. Similarly, coiling alone entails similar rates of 

complication when compared to adjunctive coiling such 
as SAC. Thromboembolic events are one of the most 
significant, yet frequent (up to 8.2% rate), complications 
that can potentially arise from CE therapy[44,65]. Given 
the significant risk for neurologic impairment and/or 
death associated with thromboembolism, antiplatelet and 
anticoagulant therapy is a major point of concern in the 
therapeutic landscape of cerebral aneurysms. Moreover, 
ischemic event incidence in patients undergoing aneurysm 
intervention can range from 10% to 40% when detected 
with diffusion-weighted imaging techniques (DWI)[66,67]. 
Thrombus formation can stem from a number of different 
intraoperative interactions between devices and pre-existing 
aneurysm structure[40]. Mechanisms include vessel injury, coil 
migration, existing thrombus dislodgement, and incomplete 
aneurysm obliteration with subsequent thrombosis[68]. 
Intraoperative heparin loading is frequently utilized during 
aneurysm coiling as a preventive measure against the 
aforementioned thromboembolic complications[69].

With regards to endovascular coiling pre-operative 
standard of care in patients with unruptured aneurysms, 
antiplatelet therapy includes one dose of aspirin 81 or 325 mg 
either 1 day out from surgery or preoperatively on the same 
day. Of note, coiling alone does not necessarily indicate the 
administration of a second antiplatelet medication such 
as clopidogrel[36]. However, an aspirin 100 mg/clopidogrel 
75 mg regimen may be recommended in some cases, more 
so when a stent is required[40]. Complicated aneurysm 
configuration requiring multiple catheters and challenging 
coiling may also indicate a pre-operative dual antiplatelet 
regimen. Interestingly, Hwang et al. observed no significant 
reduction in thromboembolism cases where only simple 
coiling from a single microcatheter was needed[43]. The 
evidence suggests antiplatelet therapy may or may not 
be critical to thromboembolic complication prophylaxis 
depending on the extent of coiling involvement. In addition 
to this finding, antiplatelet therapy was found to have no 
significant effect on hemorrhagic complications in cases of 
unruptured aneurysms[43]. Combining these two findings, it 
appears that dual, and even single, antiplatelet therapy may 
only have a beneficial effect on certain coiling procedures 
but administering either aspirin or an aspirin/clopidogrel 
combo as a pre-operative prophylactic measure renders no 
apparent harm. Although other studies have found slight 
nonsignificant trends in hemorrhagic complications after 
antiplatelet therapy, there is more evidence to suggest that 
the potentially significant reductions in thromboembolism 
outweigh the risks[70]. Given the possibility for hemorrhagic 
complications, a monotherapy dose of aspirin 81  mg or 
325  mg shortly before coiling is generally a conservative 
measure, whereas DAPT is reserved for more complicated 
cases not consistently characteristic of endovascular 
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coiling alone. As aspirin only partially inhibits 
GPIIb/IIIa, it provides a low barrier effect on the risk 
of a thromboembolic event[71]. Postoperatively, coiling 
alone does not generally indicate prolonged antiplatelet 
or anticoagulant therapy, both mono and dual therapy, 
particularly after the point of discharge[72]. The addition 
of a stent may require an antiplatelet/anticoagulation 
therapy regimen postoperatively. Aside from prior medical 
histories such as atrial fibrillation that necessitates chronic 
medication; antiplatelet/anticoagulation therapy in cases 
of simple coiling is usually confined within the duration 
of a hospital course. Given resistance to antiplatelet agents 
may be a possibility, prolonged therapy that is not indicated 
for would not be a practical option[73]. The advantages 
and disadvantages of endovascular coiling for cerebral 
aneurysms are listed in Table 1.

In the case of ruptured aneurysm and subarachnoid 
hemorrhage, antiplatelet/anticoagulant therapy standards 
are distinct from the cases previously discussed, 
as subarachnoid hemorrhage was observed to be 
independently linked to thromboembolic complications 
associated with endovascular coiling[65]. In these cases, 
anticoagulant therapy can be initiated in the form of 
subcutaneous heparin approximately 12  h after CE. 
Supplemental aspirin administration may be flexible 
but has to be administered at the discretion of the 
neurointerventional provider[72]. More care must be taken 
to assess the appropriate antiplatelet therapy when dealing 
with CE of ruptured aneurysms. Patients with ruptured 

intracranial aneurysm are considered at significant 
risk for thromboembolism. Edwards et al. found that 
periprocedural monotherapy in the form of aspirin can 
significantly reduce periprocedural thromboembolic 
events without significantly increasing hemorrhage risk 
even in ruptured aneurysm and subarachnoid hemorrhage 
cases[74]. Of note, treatment cohorts received intraoperative 
aspirin at 650  mg near the end of the procedure. This 
group continued on aspirin 325 mg once daily for 2 weeks. 
In comparison, the control group received no aspirin or 
any other antiplatelet/anticoagulant agents[74]. Despite 
trends in randomized controlled trials, multiple factors, 
in addition to whether or not an aneurysm has ruptured, 
must be considered to provide the ideal antiplatelet/
anticoagulant therapy mode for each patient undergoing 
endovascular coiling. Parameters include medical 
history, extent of procedure, recovery, follow-up status, 
and magnetic resonance angiography assessment. In 
less frequent cases suffering from intraoperative clotting 
despite having received antiplatelet therapy, glycoprotein 
IIb/IIIa inhibitors such as abciximab may prove effective 
in producing fast-onset platelet inhibition[40]. However, the 
safety and efficacy of these drugs must be further studied 
to determine accurate timing, dosing, and administration 
route for successful treatment in patients.

6. SAC
Although coiling has been used successfully for aneurysm 
repair, it can prove to be a difficult process. Aneurysms 
can occur in numerous locations with a wide variety of 
shapes, dimensions, and rupture capacities[75]. Stabilizing 
the aneurysm is one way to minimize the risks of coiling 
without reducing its advantageous effects. This stabilization 
can be engineered by utilizing a stent. In SAC, a stent can 
be placed within an aneurysm to bolster its shape, allowing 
for secure coil deposition[76]. The endovascular technique 
used in SAC is minimally invasive, accompanied by a 
high success rate, and a reduced risk of complications 
in comparison to other options available for treating 
aneurysms. Hence, it has the potential to significantly 
improve outcomes in cerebral aneurysm coiling.

SAC was originally used to treat wide-necked 
aneurysms[58,59]. Not only did it provide structural support to 
bolster the coils in the wide aneurysm sac, but it also prevented 
the coils from protruding into the parent artery[77]. Coil 
migration affects 14% of patients undergoing aneurysm 
coiling, and its effects are relatively understudied and 
can range from life-threatening infarcts to no significant 
thromboembolic impact[78]. Using a mesh design for a stent 
helps maintain unobstructed blood flow while preventing 
the movement of coils out of the aneurysm sac. Further, 
the development of more flexible intravascular stents over 

Table 1. Advantages and disadvantages of endovascular 
coiling for cerebral aneurysm

Advantages Disadvantages

Coiling alone

Minimally invasive Ruptured aneurysms cannot 
be treated with coiling alone; 
stent/balloon may be required

Quicker recovery Requires blood thinners to 
prevent coagulation of coil 

SAC

Lower rates of aneurysm 
recurrence 

Increased mortality rate 

Can be used for wide‑necked 
aneurysms 

Difficulty visualizing aneurysms 
using fluorescence 

WEB embolization

Adaptable to wide‑necked and 
bifurcation aneurysms 

Not indicated for aneurysms that 
are not wide‑necked 

Reduced intraoperative time and 
long‑term antiplatelet therapy; 
increased safety 

Prevalence of recanalization 
postoperatively 

Abbreviations: SAC: Stent‑assisted coiling; WEB: Woven EndoBridge.
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time has expanded the utility of SAC to improve outcomes 
for aneurysms in smaller vessels[79-81]. Hence, recent studies 
have explored utilizing SAC in patients with intracranial 
aneurysms.

The major complications of coiling aneurysms arise 
due to a lack of regulatory control over the migration 
and deposition of the coil. The wide variety of stents that 
can be used provides an additional level of modulation 
to have the optimal effect for each distinct aneurysm in 
every patient. Aneurysms with different proportions may 
require a different stent material or density to achieve the 
desired outcome. One study by Masuda et al. classified 
aneurysms by size and identified mesh wire densities that 
allowed for the greatest change in flow velocity through 
the aneurysm[82]. Aneurysm size can be classified into the 
following categories: small, medium, large, and giant[83]. 
Masuda et al. determined that a 46.2% mesh density led to 
the greatest change in blood flow for every aneurysm. This 
mesh density, however, had different effects on aneurysms 
of different sizes. Aneurysms smaller than 4.0 mm showed 
an 80% reduction in blood flow, whereas giant aneurysms 
greater than 25.0  mm showed a blood flow reduction of 
only 50%[81]. Hence, the mesh density can be changed to 
achieve the appropriate blood flow reduction in aneurysms 
with different dimensions. Another study by Piotin et al. 
found that stents with a higher packing density were 
associated with a lower rate of angiographic recurrence[60]. 
Hence, mesh density can be adjusted to create an optimal 
stent that allows for improved outcomes in coiling for 
aneurysms.

SAC, however, is not without risks. Accessing 
aneurysms surgically always carries a risk of morbidity 
due to procedure-related complications and the potential 
aneurysm rupture[84]. Possible complications of SAC 
include the piercing of vessels, thromboembolic events, 
and hemorrhaging[85]. An additional issue that can arise 
if the stent becomes occluded is in-stent stenosis, which 
contributes to blood flow reduction within the parent artery 
to the extent of pathological level[86]. These complications, 
however, typically have a prevalence of < 7%, and most 
of these risks can be attributed to aneurysm size, older 
patient age, sensitive aneurysm location, or issues from a 
previously coiled aneurysm[84].

In recent years, numerous studies analyzed the safety 
and efficacy of SAC with regard to complication rates. For 
instance, one retrospective study by Aguilar-Salinas et al. 
evaluated data from 124  patients with unruptured wide-
necked intracranial aneurysms[85]. Only 3.3% of these 
patients experienced complications from the procedure, 
such as vessel occlusion or aneurysm rupture. These 
patients also had a low risk of severe in-stent stenosis 

and recanalization, which affect 1% and 6.6% of patients, 
respectively. The Glasgow Outcome Scale was used to 
analyze the extent of impaired consciousness in these 
cases. About 80.7% of patients had a score of 5 or above at 
a 30-day follow-up, which later increased to 83.9%[85]. With 
this data, the study concluded that SAC is an effective and 
safe way to treat wide-necked intracranial aneurysms, with 
lower risks of complications and higher rates of success. 
Another study by Chalouhi et al. analyzed 461 elective 
SAC procedures[84]. They found favorable outcomes in 99% 
of these patients. About 87% of patients were available 
for follow-up at 26  months, who had recanalization 
and retreatment rates of 12% and 6.4%, respectively[84]. 
Overall, both studies concluded that SAC is a safe and 
efficacious procedure with minimal complications that 
can significantly improve the prognosis of patients with 
aneurysms.

Numerous research studies have evaluated the 
prevalence of adverse effects following SAC compared 
to non-SAC procedures. The results of these studies are 
summarized in Table 2. Most studies noted no significant 
differences in adverse effects between SAC and non-SAC. 
Piotin et al., however, reviewed 1049  cases of aneurysm 
coiling and found that SAC was associated with more 
adverse effects than non-SAC[60]. Patients undergoing 
SAC faced 4.6% of procedural complications and 7.4% of 
permanent neurological procedure-related complications 
compared to 1.2% and 3.8% of patients, respectively, with 
non-SAC[60]. One limitation of the study that must be taken 
into consideration is that around 40 – 50% of patients in 
both groups were lost to long-term follow-up; therefore, 
the conduction of more comprehensive studies is needed 
in the future to draw more definitive conclusions. In 
addition, different stent types were used in this study, 
including balloon-expandable models and self-expandable 
stents, but no significant difference was noted in their 
outcomes. Despite potential differences in conclusions 
regarding adverse outcomes, data from all of these studies 
show that SAC improved long-term outcomes for patients 
when compared to non-SAC. Multiple studies found lower 
rates of recurrence, reduced recanalization rates, and 
improvements in clinically acceptable levels of occlusion in 
patients who had undergone SAC. These large-scale studies 
imply that SAC has significant utility in the treatment of 
intracranial aneurysms. Despite the differences observed 
between SAC and non-SAC procedures, more studies are 
needed to validate these findings and analyze their impacts 
on patient’s quality of life.

As safety and efficacy of SAC are continuously 
evaluated, the appropriateness of use for SAC changes 
over time. For instance, SAC is now regarded as a useful 
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therapy for smaller berry aneurysms due to the improved 
long-term outcomes associated with SAC and the 
availability of stents that are effective in treating different 
sizes of aneurysms[60,61]. Considering that it was initially 
only used for wide-necked aneurysms, its implications 
are now countless. The adverse effects and long-term 
outcomes of SAC in comparison to non-SAC should be 
further researched, along with the impact of different sizes 
and densities of the stents that can be used in SAC. With 
future studies focusing on such topics, we believe that SAC 
can significantly contribute to harm reduction and better 
prognosis for patients with intracranial aneurysms.

7. WEB embolization
A trial known as the International Subarachnoid Aneurysm 
Trial has truly revolutionized our understanding of 
endovascular coiling in the treatment for ruptured 
aneurysms[93]. Since that trial, endovascular coiling 
has become one of the more prominent choices in the 
treatment of ruptured aneurysms[93]. While promising, 
endovascular coiling treating wide-necked bifurcating 
aneurysms (WNBA) remains a challenge due to the 
balance between preserving major vessels while properly 
occluding the aneurysm[94-97]. As the prevailing option for 
treating WNBAs, SAC has shown a ten-time higher risk in 
adverse events, which is largely caused by the requirement 
of DAPT post-procedure[94-99]. In addition, SAC poses 
durability concerns, exemplified by the frequent need for 

support from stents or flow diverters, and has limitations 
in safely achieving proper coil packing density[99,100].

The idea of the WEB was initially conceptualized in 
Aliso Viejo, California, USA in 2011 and is now FDA-
approved. The WEB is a unique device that has a barrel-
shape with a platinum core and nitinol mesh that employs 
intrasaccular flow disruption. The low porosity of the 
device causes disrupted flow at the aneurysm neck causing 
thrombosis and eventually occlusion[93,97]. The device allows 
for a seal of the aneurysm neck eliminating structural 
effects of the parent artery[101]. This, in combination with 
the WEB’s lack of a metallic mesh, allows patients to avoid 
DAPT[93,99]. In addition, if the positioning of the deployed 
WEB is suboptimal, recapturing and resheathing can 
be performed to allow for better placement[102]. Further, 
devices employed in WEB have demonstrated an improved 
safety profile[102,103].

A prominent complication of WEB is the possibility of 
thromboembolic events[104]. Tau et al. conducted a meta-
analysis by researching patients treated with unruptured 
aneurysms with WEB and found that 70% of periprocedural 
complications were thromboembolic[105]. It is theorized that 
this occurs for many reasons including lack of pre-treatment 
antiplatelet therapy, the thrombogenic state of the device, and 
the prothrombotic state of subarachnoid hemorrhage[93,106].

Typically, the WEB embolization procedure is performed 
by a neurointerventionalist and involves radial access. 

Table 2. An assessment of outcomes in patients treated with SAC compared to those treated with non‑SAC

Study Aneurysm type Patients enrolled Outcome

Zhang et al., 2019[87] Ruptured intracranial 
aneurysms

1049 patients; SAC (n=499), 
non‑SAC (n=409)

The SAC group had a lower recurrence rate and incomplete occlusion 
rate than the non‑SAC group. There was no significant difference 
in mortality at discharge; there was no favorable clinical outcome at 
discharge or follow‑up.

Yi et al., 2022[88] Ruptured intracranial 
aneurysms

375 patients; SAC (n=101), 
non‑SAC (n=274)

The SAC group had higher rates of complete occlusion, lower rates of 
recanalization, and lower need for treatment. There was no significant 
difference in periprocedural complications.

Piotin et al., 2012[60] Intracranial aneurysms 1325 patients; SAC (n=216), 
non‑SAC (n=1109)

The SAC group had a lower rate of angiographic recurrence, as well as 
higher rates of procedural complications and permanent neurological 
procedure‑related complications.

Liu et al., 2017[89] Ruptured intracranial 
aneurysms

279 patients; SAC (n=113), 
non‑SAC (n=166)

The SAC group had better initial aneurysm occlusion status, implying 
better durability and safety. There was no significant difference in 
adverse outcomes, including permanent neurological deficits.

Zhang et al., 2022[90] Ruptured tiny 
intracranial aneurysms

245 patients; SAC (n=93), 
non‑SAC (n=152)

The SAC group had a higher complete occlusion rate, a lower recurrence 
rate, and a higher rate of hemorrhagic complications. There was no 
significant difference in mortality or other adverse effects.

Goertz et al., 2021[91] Ruptured intracranial 
aneurysms

284 patients; SAC (n=64), 
non‑SAC (n=220)

The SAC group had higher rates of complete occlusion and lower 
recanalization rates at 6‑month follow‑up. There were no significant 
differences in mortality or adverse effects.

Muller et al., 2017[92] Wide‑necked aneurysms 355 patients; SAC (n=33), 
non‑SAC (n=322)

The SAC group had higher rates of complete and clinically acceptable 
levels of occlusion.

Abbreviation: SAC: Stent‑assisted coiling.
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Sizing of the WEB is selected according to measurements 
of the aneurysm on 2D digital subtraction angiography 
(DSA). The WEB should be oversized to properly fill 
the aneurysm sac while allowing it to completely cover 
its neck. Afterward, the device is delivered through a 
microcatheter[101,102].

A review published in 2021 by Crinnion et al.[93] 
summarized 11 articles encompassing 405 aneurysms 
in 398  patients diagnosed with ruptured aneurysms or 
subarachnoid hemorrhages that were treated with WEB 
embolization. Aneurysm characteristics included a range 
of 45%–92% anterior circulation and 7 – 56% with severe 
SAH. They found that the rate of success varied between 
95.8% and 100%, and the number of aneurysms requiring 
additional techniques for occlusion was from 0% to 
15%. Adequate occlusion was achieved in 71 – 96% of 
patients[107-114].

The safety profile of WEB embolization demonstrated 
that thromboembolic event rates range from 0% to 25% 
and overall, a thromboembolic event rate of 9.8% in all 
398 patients. The authors cite two prominent studies, the 
CLARITY trial and the ARETA study which characterized 
thromboembolic event rates in CE. The CLARITY trial 
demonstrated a thromboembolic event rate of 20.8% for 
wide-necked aneurysms and the ARETA study showed a 
thromboembolic event rate of 10.4% in 753 aneurysms; both 
of the studies used coiling for treatment. Based on this, the 
TE rates of coiling and WEB embolization approaches are 
similar[93,115,116]. Other important safety endpoints included 
a 4% of morbidity, 1.8% of mortality, and rebleeding in 1.2% 
of patients. The authors concluded that WEB has proven to 
be safe and efficient in treating ruptured aneurysms when 
comparing it to other endovascular therapies[93].

In a retrospective review by Kabbasch et al. in 2019, 
around 66  patients that underwent WEB embolization 
were compared to 66  patients that underwent SAC. 
In the WEB group, 65  patients were treated with only 
WEB embolization, and the remaining one was treated 
with a combination of both WEB embolization and 
additional coiling. In the SAC group, both single stent and 
double stents were used in 80.3% and 19.7% of patients, 
respectively. Out of all of the patients, those that achieved 
complete occlusion immediately were 59.1% of WEB 
embolization patients and 92.4% of SAC patients. Halfway 
through their studies, complete occlusion was achieved in 
83.3% of WEB embolization patients and 84.8% of SAC 
patients. Favorable outcomes were found in 86.4% of WEB 
embolization patients and 86.4% of SAC patients. The 
average treatment time was significantly longer for SAC 
when compared to WEB embolization. Complications 
occurred in 12.1% of the WEB embolization patients and 

21.2% of SAC patients; however, these results were not 
statistically significant. Of note, 18.2% of SAC patients 
and 12.1% of WEB embolization patients developed 
thromboembolic complications. The authors conclude that 
WEB embolization is a viable alternative for the treatment 
of wide-neck bifurcation aneurysms, given that it limits 
long-term DAPT[101].

Another review performed in 2022 by Monteiro et al. 
analyzed nine articles with 377 acutely ruptured aneurysms 
treated with WEB embolization. Of the samples, 85.9% 
were anterior circulation aneurysms and 82.7% of them 
were wide-necked. Adequate occlusion occurred in 84.8% 
of cases and 4.5% of the patients required retreatment 
at follow-up. During catheterization, there were seven 
cases of perforation in the dome of the aneurysm. In all 
circumstances, once the WEB was deployed, the bleeding 
halted. The rate of post-procedural complications was 1% 
and was all thromboembolic[99].

A study performed by Stanca et al. characterized 
the long-term effects of WEB device. They included 35 
ruptured WNBAs in 21 patients treated with WEB. They 
examined patients at the 3-year mark using DSA. After 
3  years of follow-up, three death cases were recorded, 
which were not related to aneurysms. They also found 
complete occlusion in 61.1% of patients, 0% rebleeding 
rate, and 0% morbidity (no neurological signs). Although 
there was incomplete occlusion in 11.1% of patients, in this 
case, the neck showed no growth or minimal size increase 
(<2  mm); therefore, treatment was not required. The 
authors conclude that there is high stability 2 and 3 years 
after the procedure[117].

Overall, the WEB device demonstrates feasibility, a 
high rate of occlusions, and a low rate of complications. 
The clear advantages of this device include a reduction in 
long-term DAPT and fewer perioperative complications. 
The risk for thromboembolic events remains a challenge 
with using the WEB device, but compared with traditional 
coiling methods, the rates of these events are much lower. 
The WEB device should be considered a viable option in 
the treatment of WNBA.

8. Conclusion
For decades, numerous studies have contributed to 
diversifying treatment options of aneurysms. This review 
presents a detailed amount of information concerning 
the modern techniques of aneurysm treatment, including 
pharmaceuticals, SAC, coiling, and WEB embolization. 
Different techniques demonstrate varying levels of 
feasibility, safety, and patient satisfaction. The ability 
of WEB to disrupt intrasaccular flow is circumstantial 
evidence that it could be used to manage thrombotic 
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events. In comparison, the SAC method is rather complex 
due to a lack of regulatory control over the migration and 
deposition of the coil. In conclusion, this review provides 
details regarding various aneurysm treatments, and we 
believe a thorough understanding of these treatment 
methods could facilitate more personalized and monitored 
care.
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Abstract
Cyanobacteria are rich in bioactive compounds that exhibit diverse biological 
activities, including antiproliferative, cytotoxic, and antineoplastic properties. Many 
of these compounds are currently being studied in clinical trials. In this paper, newly 
discovered bioactive compounds from various cyanobacteria species that have 
demonstrated anticancer effects against multiple cancer cell lines, such as apratoxin, 
symplostatin 1, bartolosides, caylobolide, bisebromoamides, carmaphycins, and 
anaenamides, are reviewed. At present, there are no clear guidelines on approving 
cyanobacteria-derived bioactive compounds for use in treating diseases. While 
it is not uncommon that the intake of these compounds is accompanied by side 
effects, investigations on these compounds should focus on increasing the safety 
and efficacy of the compounds, or at least tread a fine line between drug safety and 
effectiveness for cancer patients. This review overviews the efficacy and cytotoxicity 
of cyanobacteria-derived bioactive compounds, providing researchers insights into 
how to maximize the benefits of these compounds through research.

Keywords: Bioactive compounds; Cyanobacteria; Cytotoxicity

1. Introduction
Cancer is the leading cause of death worldwide, resulting in approximately 10 million 
deaths in 2020.In addition, there were 19.3 million new cases reported[1]. There are 
over 200 types of cancer that can spread throughout the body, leading to metastasis 
and potentially fatal consequences[2]. Many chemotherapy drugs used to fight cancer 
can harm both cancerous and healthy cells. Natural compounds derived from natural 
sources, such as marine organisms, plants, and microorganisms, have become popular 
therapeutic candidates for treating cancer because they can effectively target cancer 
cells with little to no harmful effects on healthy cells[3,4]. Cyanobacteria, also known 
as blue-green microalgae, contain a variety of bioactive compounds with low to high 
molecular weight, such as hapalindole A, oscillapeptin A, minutissamide A, lyngbic 
acid, caylobolide B, anabaenopeptin E, lobocyclamides, lyngbyacyclamides A and B, 
homodolostatin, malyngamides, glicomacrolides, swinholides, macrolactones, and 
viridamides. Approximately 40% of these compounds can be utilized as anticancer 
and antimicrobial agents[5,6], and most of these compounds are currently under clinical 
investigations[7]. Cyanobacteria-derived bioactive compounds have shown promising 
anticancer activity against cancer cells. This can be attributed to various mechanisms, 
such as inducing cell cycle arrest in the G1 phase, inhibiting serine proteases such as 
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elastase and trypsin, causing DNA fragmentation and 
oxidative stress, disrupting microfilaments, modulating 
Bcl-2 protein, and even modifying cell membrane dynamics 
(Figure 1)[8,9]. In this review, the potential cytotoxicity of 
compounds derived from cyanobacteria is discussed.

2. Cyanobacteria
Cyanobacteria is a Gram-negative prokaryote rich in 
the pigment c-phycocyanin and is capable of oxygenic 
photosynthesis[10]. Cyanobacteria can be found in different 
environments, such as oceans, freshwater, bare rock, 
and soil, and can survive in extreme high-temperature 
conditions, such as geothermal and hot spring water[11]. 
Cyanobacteria exist as individual cells (Spirulina), 
filaments (Oscillatoria), or colonies (Nostoc) enclosed 
by a mucilaginous sheath. Cyanobacteria are typically 
microscopic but become visible when they form colonies[12]. 
The classification of cyanobacteria was proposed in 1985, 
and it was initially classified into four orders: Nostocales, 
stigonematales, chroococcales, and oscillatoriales. At 
present, there are five orders of cyanobacteria, namely, 
pleurocapsales, chroococcales, stigonematales, nostocales, 
and oscillatoriales (Table 1)[13].

Cyanobacteria are known to contain a variety of 
bioactive compounds, such as peptides, polyketides, 

terpenes, alkaloids, fatty acids, and ultraviolet-absorbing 
compounds. The biosynthesis pathways of these 
compounds are illustrated in Figure 2. These bioactive 
compounds are produced through both non-ribosomal 
(non-ribosomal peptide synthetases) and ribosomal 
pathways. Polyketide metabolites, for instance, contain 
cis-  and trans-acyltransferases, with the trans-face 
having non-repetitive acyltransferases and the cis-
face having repetitive acyltransferases[14]. There are 
several traditional extraction methods used to extract 
bioactive compounds from different marine sources 
(such as cyanobacteria). The traditional methods 
include Soxhlet extraction (extract organic compounds 
such as phenols, pesticides, and polycyclic aromatic 
hydrocarbons), hydrodistillation, hot continuous 
extraction, percolation, maceration, infusion, and 
decoction. In contrast, modern extraction methods 
include supercritical fluid extraction, microwave-
assisted extraction, pressurized liquid extraction, and 
enzyme-assisted extraction[15].

3. Anticancer compounds from 
cyanobacteria
Cyanobacteria contain a variety of anticancer drugs, which 
are reviewed in the following sub-sections.

Figure 1. Potential anticancer mechanisms of bioactive compounds derived from cyanobacteria. Adapted from Qamar et al.[9], distributed under Creative 
Commons Attribution (CC BY) license.
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3.1. Cyclic depsipeptides

3.1.1. Apratoxin

Apratoxin A is a new potent cytotoxic compound derived 
from marine cyanobacteria Lyngbya majuscula. Apratoxin 
A is a cyclic depsipeptide made up of R (â-unsaturated 

modified cysteine residues), proline, 3-dihydroxyliety 
fatty acid, 7-dihydroxy-2,5,8,-tetramethylnonenoic 
acid, and 3-methylated amino acids (O-methyltyrosine, 
N-methyl isoleucine, and N-methyl-alanine)[16] (Figure 3). 
Apratoxin A exhibited significant cytotoxicity against KB 
(0.52 nM) and colon LoVo (0.36 nM) cancer cells. In vivo 

Table 1. Classification of cyanobacteria[13]

No. Order Species Environment Morphology

1 Nostocales Anabaena sp. Freshwater Filamentous

Nostoc sp. Terrestrial

2 Chroococcales Microcystis sp. Freshwater Unicellular

Synechococcus sp. Marine water

Synechocystis sp. Freshwater

3 Pleurocapsales Hyella caespitosa Marine water Unicellular

4 Stigonematales Fischerella muscicola Freshwater Filamentous

5 Oscillatoriales Oscillatoria sp. Freshwater Filamentous

Lyngbya majuscula Tropical marine water

Figure  2. Biosynthesis pathway of the cyanobacteria bioactive compounds. Adapted from Pattnaik and Singh, 2020[14], distributed under a Creative 
Commons Attribution (CC BY) license.
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testing demonstrated that apratoxin A induced moderate 
tumor inhibition on day 9, with a T/C ratio of 51%, 
and a weight loss of 21%. However, by day 23, complete 
recovery was observed, indicating a lengthy recovery 
period of 14 days[17]. Apratoxins have been found to exhibit 
strong anticancer activity through the down-regulation 
of receptor tyrosine kinases and their ligands, including 
interleukin-6 and vascular endothelial growth factor A 
(VEGF-A). This is achieved through the blocking of a 
specific stage of secretory pathways, namely, cotranslation 
on the Sec61 channel[18].

Apratoxin D (Figure 3) is a cyclodepsipeptide extracted 
from Lyngbya sordida and L. majuscula. Its structure 
is similar to apratoxin A but contains a polyketide 
carbon chain of 3,7-dihydroxy-2,5,8,10,10-penta-
methylundecanoic acid. Apratoxin D has been found to 
have potent anticancer effects against H-460 cells, a human 
lung cancer cell line, with a half maximal inhibitory 
concentration (IC50) of 2.6 nM[19,20]. Apratoxin E, isolated 
from Lyngbya bouillonii, is a polypeptide domain that is 
similar to apratoxin A. Apratoxin E is known for its potent 
cytotoxic effects on various cancer cell lines, such as cervical 
cancer cells (HeLa), human osteosarcoma cells (U-2 OS), 
and human colorectal adenocarcinoma cells (HT29). Its 
IC50 values for HeLa, U-2 OS, and HT29 cells are 72, 59, 
and 21 nM, respectively[21,22].

Apratoxins F and G are also derived from L. bouillonii. 
The polyketide moiety in apratoxins G and F is similar 
to that in apratoxin A (Figure  3). However, apratoxins 
F and G possess an N-methyl alanine unit in place of 
a proline unit in apratoxins A to E. Apratoxins G and F 
exhibited high cytotoxicity to H-460 cells with IC50 of 14 
and 2 nM, respectively[19,21]. Apratoxin H and apratoxin A 

sulfoxide are derived from Moorea producens. Apratoxin 
H has pipecolic acid instead of the proline residue found 
in apratoxin A. Meanwhile, apratoxin A sulfoxide differs 
from apratoxin A in terms of the degree of oxidation. 
Both apratoxin H and apratoxin A sulfoxide exhibited 
cytotoxicity against H460 cells, with IC50 values of 3.4 and 
89.9 nM, respectively[23]. Apratoxin S4 and S10 (Figure 3) 
are novel Sec61 inhibitor that blocks the translocation 
of secretory proteins into the endoplasmic reticulum. 
Apratoxin S4 and S10 are cytotoxic to pancreatic cells and 
suppress the overall secretion from pancreatic cancer cells 
by inhibiting cytokines from stromal cells or reducing the 
level of factors secreted by other cells[18,24]. This difference 
in the anticancer activity of apratoxin and its analogs might 
be due to the differences in their structure and stability.

3.1.2. Cocosamides

Cocosamides A and B, obtained from L. majuscula, are 
cyclic depsipeptides consisting of six amino/hydroxy units, 
including proline, NMe-Phe (two units), 2,2-dimethyl-3-
hydroxy-7-octenoic acid (Dhoea), or a β-amino acid of 
2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya), glycine, 
and valine (Figure 4). These compounds exhibit moderate 
cytotoxicity against MCF-7 cancer cells (IC50 between 
30 and 39 mM,) and HT-29  cells (IC50 between 24 and 
11 mM)[19,25].

3.1.3. Aurilides

Aurilides are a type of cyclic depsipeptides. They contain a 
α-hydroxy-acid residue, a pentapeptide, and a polyketide 
fragment with three or four stereogenic centers (Figure 4). 
These compounds are isolated from L. majuscula. Two 
specific types, aurilides B and C, have demonstrated 
high levels of cytotoxicity against NCI-H460  (50% lethal 

Figure 3. Chemical structure of apratoxin and its analogs.
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concentration [LC50] of 40 and 130 nM) and Neuro-2a 
mouse neuroblastoma cells (LC50 of 10 and 50 nM), 
respectively[9,26,27].

3.1.4. Largazole

Isolated from Symploca spp., Largazole (Figure 4) is a potent 
histone deacetylase inhibitor. These compounds showed 
anticancer activity against various cancer cell lines such as 
HCT-116 (GI50 = 80 nM), MDA-MB-231 (GI50 = 7.7 nM), 
HT-29 (GI50 = 12 nM), U-2 OS (GI50 = 55 nM), SK-OV-3 
(IC50 = 250 nM), IMR-32 (GI50 = 16 nM), A549 
(GI50 = 320 nM), HeLa (IC50 = 170 nM), Eca-109 (IC50 = 100 
nM), Bel 7402 (IC50 = 170 nM), U937 (IC50 = 20 nM), 797 
(IC50 = 24 nM), 10326 (IC50 = 25 nM), PC3 (IC50 ≤ 500 nM), 
LNCap (IC50 ≤ 500 nM), panel of melanoma cell lines 
(IC50 = 45-315 nM), NCI-H1975 (IC50 = 83 nM), NCI-H460 
(IC50 = 120 nM), GLC-82 (IC50 = 190 nM), L78 (IC50 = 570 nM), 
SPC-A1 (IC50 = 140 nM), 95D (IC50 = 420nM), NCI-
H466 (IC50 = 520 nM), SW620 (IC50 = 26.5 nM), 
MiaPaCa (IC50 = 206.4 nM), SH-SY5Y (IC50 = 102 nM), 
SF-268 (IC50 = 62 nM), and SF-295 (IC50 = 68 nM). This 
compound suppresses cancer probably by virtue of its 
ability to modulate cell cycle and antagonize AKT, KRAS, 
and HIF[19,28].

3.1.5. Coibamide A

Coibamide, a cyclic depsipeptides cyanotoxin derived 
from Leptolyngbya sp., has been found to have a significant 
impact on various types of cancer cells. In a dose-
dependent manner, coibamide increases the percentage 
of NCI-H460 cells and mouse Neuro-2a cells in the sub-
G1 population. In addition, it has been demonstrated 
to arrest the cell cycle of NCI-H460, Neuro-2a cells 
(LC50 = 23 nM), MDA-MB-231, melanoma LOX IMVI, 
NCI-60 (GI50 between 0.4 and 7.6 nM), astrocytoma 
SNB75, and leukemia HL-60 in the G1 phase.

The anticancer effect of coibamide A (Figure  4) is 
distinctly mediated through the activation of caspase 3 
(in SF-295  cells) to induce apoptosis or the activation 
of autophagy via an mTOR-independent mechanism 
(in U87-MG cells). It also prevents autophagosome-
lysosome binding in MDA-MB-231 cells through protein 
glycosylation modification-lysosome membrane (LAMP1 
and LAMP2). Moreover, it reduces VEGFR2 expression and 
inhibits VEGF-A secretion in MDA-MB-231 and U87-MG 
cells. Coibamide A also decreases the expression of human 
epidermal growth factor receptor receptor in non-small cell 
lung and breast cancer cells. The effectiveness of coibamide 

Figure 4. Chemical structure of cocosamides, aurilide B, largazole, coibamide A, dolastatin 10, symplostatin 1, caylobolide, swinholide A, bartolosides, 
bisebromoamides, carmaphycin A, and carmaphycin B.
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in fighting cancer makes it a promising candidate for 
further study and development[29-34].

3.2. Cyclic peptides and depsipeptides

3.2.1. Dolastatins

Dolastatins represent a group of cyclic and linear peptides, 
depsipeptides, and macrolides, containing oxazole 
heterocycles and thiazole. These peptides are derived 
from Symploca sp. Dolastatin 10 and 15 (Figure  4) can 
depolymerize microtubules and are also capable of 
inducing apoptosis by arresting the cell cycle in the G2/M 
phase of various cancer cell lines, including A549, KB, 
DU-145, and LoVo cells. Their IC50 values are 0.97, 0.052, 
0.5, and 0.076 nM, respectively[9].

3.2.2. Symplostatin 1

Symplostatin 1 (Figure 4), a dolastatin 10 analog derived 
from marine cyanobacteria Symploca hydnoides, is shown 
to possess potent cytotoxic effects against MDA-MB-435 
(breast cancer) and ovarian cancer cell lines (IC50 of 0.15 
and 0.09 nM, respectively). An in vivo study revealed 
that symplostatin 1 can effectively suppress the growth of 
murine mammary 16/C and murine colon 38 cell lines, 
which took a longer time for the cells to recover from 
toxicity[35].

3.3. Macrolides

3.3.1. Caylobolide

Caylobolides (Figure  4) are macrolides (macrolactones) 
isolated from the Phormidium sp. and L. majuscula. 
Caylobolide A exhibited cytotoxic properties against HCT-
116 cells (human colon tumor) with an IC50 of 9.9 μM[36], 
while caylobolide B showed anticancer activity against 
HeLa and HT-29 cells, with IC50 values of 12.2 and 4.5 μM, 
respectively[37].

3.3.2. Swinholide

Swinholide is a type of macrolide containing a unique, larger 
lactone ring structure known as a dimeric 44-membered 
ring (Figure 4). Swinholide A is derived from Phormidium 
sp. and has been found to possess anti-cancer properties 
against fibrosarcoma cells (HT-1080) and H-460, with 
IC50 values of 0.017 µg/mL and between 170 and 910 nM, 
respectively[28,38].

3.4. Glycolipids

3.4.1. Bartolosides

Bartoloside (Figure  4) is a newly discovered type of 
chlorinated aromatic glycolipid. It is composed of 
mono-  and/or di-glycosylated dialkylresorcinols (DARs) 
with halogenated alkyl moieties. The marine cyanobacteria, 

Synechocystis salina, and Nodosilinea sp., are the principal 
sources of this compound[28]. According to Afonso et al.,[39] 
Bartoloside A has been found to have anticancer effect on 
human osteosarcoma (MG-63), colon carcinoma (RKO), 
and human breast cancer (T-47D) cells, with IC50 values of 
22, 40, and 23 µM, respectively.

3.5. Linear peptides

3.5.1. Bisebromoamides

Bisebromoamides are linear peptides (Figure  4) derived 
from Lyngbya sp. They are known to impair actin dynamics 
and have demonstrated anticancer properties against 
various cancer cell lines, including HeLa S3, JFCR39 (a 
panel of 39 human cancers)[40], NRK, 769-P, 786-O kidney 
cancer cells[41], and HCT-116 (with EC50 ranging between 
45 and 483 nM)[42]. The compound showed an IC50 of 40 
nM against HeLa S3  cells and a GI50 of 40 nM against 
JFCR39 cells[40].

3.5.2. Carmaphycins

Extracted from Symploca sp., carmaphycins A and B 
(Figure  4) are new forms of marine-based epoxyketone 
20S proteasome inhibitors. These substances have 
demonstrated strong anticancer effect against NCI-H460, 
HCT-116, and the NCI-60 cell lines, with a GI50 range of 
1 – 50 nM[43].

3.6. Depsipeptides

3.6.1. Anaenamides

Anaenamides A and B are new geometric isomers 
and linear depsipeptides derived from Hormoscilla sp. 
These compounds contain two α-hydroxy acid residues, 
an alkylated-salicylic fragment, and an abnormal 
α-chlorinated-α,β-unsaturated (E/Z) ester. Anaenamides 
A and B (Figure  4) were found to have mild anticancer 
properties against the HCT-116 cell line, with IC50 
values of 4.5 and 8.7 µM, respectively[44]. Different from 
anaenamides A and B, anaenamides C and D possesses 
a primary amide instead of a methyl ester. However, 
anaenamides C and D have been demonstrated to display 
anticancer effect against HCT-116  cells at an IC50 of 100 
µM but no cytotoxic activity against human embryonic 
kidney cells (HEK293)[44,45].

3.7. Linear lipopeptides

3.7.1. Almiramides

Almiramides are linear lipopeptides that are highly 
N-methylated. They are derived from Oscillatoria 
nigroviridis and L. majuscula. Almiramides B and D 
(Figure  5) have been found to display strong cytotoxic 
effects against MDA-MB-231, with an IC50 of 13 µM[46]. 
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They also showed similar effects on HeLa cells, with an 
IC50 of 17 µM, and on other cells such as A549, HT-29, and 
PC3, with IC50 ranging from 18 to 107 µM[46].

3.7.2. Microcolins

Microcolins (Figure 5) are new linear lipopeptides, which 
are isolated from L. polychroa and M. producens. These 
lipopeptides have demonstrated powerful cytotoxicity 
against NCI-H460, with IC50 ranging between 6 nM to 
1 µM[47]. In addition, microcolins A and B, along with 
deacetylmicrocolin B, have shown cytotoxicity against 
IMR-32 and HT-29, with IC50 between 0.28 and 14 nM[47,48].

3.7.3. Wenchangamides

Wenchangamide A is a lipopeptide recently discovered 
from the filamentous Neolyngbya sp. This compound has 
been found to have anticancer properties against HCT-116, 
with an IC50 of 38 µM[49]. It works by either arresting 
the cell cycle at the G2/M phase or inducing apoptosis. 
Importantly, wenchangamide A does not have any toxic 
effects on normal human dermal fibroblasts (NHDF), 
indicating that it specifically targets cancer cells[49].

3.8. Cyclic lipopeptides

3.8.1. Hectochlorins

Hectochlorins (Figure  5) are cyclic lipopeptides isolated 
from M. producens. Hectochlorins demonstrated potent 
cytotoxic activity against various types of cancer cells, 

including NCI-H 187, B lymphocyte CA46, and human 
mouth epithelial KB cells, with IC50 values of 1.2, 0.02, and 
0.86 µM, respectively[50]. It has also been found to display 
high cytotoxicity to melanoma, colon, and kidney cancer 
cell lines, with a GI50 of 5.1 µM[51]. The previous studies 
also reported that hectochlorins are cytotoxic against NCI-
H187 and KB cell lines, with IC50 values of 0.32 and 0.31 
µM, respectively[50-52].

3.8.2. Laxaphycins

Laxaphycins (Figure  5) are cyclic-lipopeptides that are 
isolated from marine cyanobacterium Hormothamnion 
enteromorphoides. Laxaphycin B4 demonstrated cytotoxic 
effects against HCT116  cells with an IC50 of 1.7 μM[53]. 
Laxaphycin A2, on the other hand, showed low cytotoxicity 
with an IC50 of 2 μM[53,54].

3.9. Peptolides

3.9.1. Lyngbyabellins

Lyngbyabellins represent a group of cyclic depsipeptides 
and lipopeptides containing dichlorinated polyketide-
derived moiety. Lyngbyabellins are isolated from 
L. bouillonii and L. majuscula. One of these compounds, 
lyngbyabellin A (Figure  5), showed moderate anticancer 
activity against KB and LoVo cell lines, with IC50 values of 
0.03 µg/mL and 0.5 µg/mL, respectively[28]. However, in vivo 
studies have revealed that lyngbyabellin A is toxic to mice 
at concentrations between 0.01 and 5.0  µg/mL[55,56]. On 

Figure 5. Chemical structure of anaenamide A, anaenamide B, almiramide D, microcolins, laxaphycins, hectochlorin, and lyngbyabellin A.
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the other hand, lyngbyabellin B is more toxic to mice than 
lyngbyabellin A. In addition, lyngbyabellin E to I exhibited 
cytotoxicity against NCI-H460 and Neuro-2a cells, with 
LC50 values ranging from 0.2 to 4.8 µM[55]. Lyngbyabellin 
N has been shown to possess potent cytotoxicity against 
the HCT116 cell line, with an IC50 of 40.9 ± 3.3 nM[57]. 
However, lyngbyabellins K, L, M, and 7-epi-lyngbyabellin 
L did not show any toxic activity compared to other 
compounds[55-57].

3.9.2. Majusculamides

Majusculamide C and D (Figure  6) and 
desmethoxymajusculamide C are cyclopeptolides derived 
from the marine cyanobacterium L. majuscula. Majusculamide 
C demonstrated potent cytotoxicity against ovarian 
carcinoma (OVCAR-3), kidney cancer (A498), glioblastoma 
SF-295, NCI-H460, and colorectal cancer (KM20L2) cell lines 
with IC50 values of 0.51, 0.058, 0.013, 0.0032, and 0.0013 µg/
mL, respectively[58]. Desmethoxymajusculamide C has been 
shown to display strong cytotoxicity against HCT-116, 
with an IC50 value of 20 nM[9]. Moreover, majusculamide D 
is cytotoxic to PANC-1, U251N, HepG2, NCI-H125, and 
P388, with IC50 values of 0.32, 36.8, 1396, 147, and 3.3 nM, 
respectively[58].

3.9.3. Patellamides

Patellamides (Figure 6) are cyclic octa-peptides containing 
thiazoles and oxazolines. These compounds are obtained 
from Prochloron didemni. Patellamides A, B, and C have 
been found to exhibit anticancer activity against the L1210 
cell line, with IC50 values ranging from 2 to 3.9 µg/mL[59]. 

In addition, patellamide A has demonstrated cytotoxicity 
against acute CEM leukemia cells, with an IC50 of 
0.028 µg/mL[28,59].

3.10. Polyketides

3.10.1. Aplysiatoxins

The aplysiatoxins (Figure  6) are polyketide metabolites 
derived from various types of cyanobacteria, such as 
Oscillatoria sp., L. majuscula, Lyngbya sp., Schizothrix 
calcicola, Oscillatoria nigroviridis, Trichodesmium 
erythraeum, and M. producens. Among these aplysiatoxins, 
some are new analogs such as neo-aplysiatoxin A, neo-
debromoaplysiatoxin A, dolastatin 3, lyngbic acid, 
malyngamide M, hermitamide A, (−)-loliolide, and 
(+)-epiloliolide. These compounds have been found to be 
cytotoxic against mouse leukemia cells, with IC50 values 
ranging from 4.6 to 10 µg/mL[28,60].

3.10.2. Caldorazole

Extracted from Caldora sp., caldorazole (Figure 6) has two 
thiazole rings and an O-methylenolpyruvamide moiety. 
This compound has been found to be effective against a 
few different cancer cell lines, such as CaSki and HT-1080 
(with IC50 of 0.068 and 0.074 µM, respectively)[61]. It has 
also been shown to be cytotoxic against three types of HeLa 
cell lines (HeLa, HeLa S3Mer–, and HeLa S3), with IC50 
values ranging from 0.023 to 0.048 µM[61]. The cytotoxicity 
of caldorazole might be executed through the inhibition 
of the activity of complex I in mitochondria; therefore, 
caldorazole is a promising selective targeting agent for 
cancer cells when glucose is restricted[61].

Figure 6. Chemical structure of majusculamides, patellamide A, aplysiatoxin, caldorazole, iezoside, and caldoramide.
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3.11. Metabolites from other chemical families

3.11.1. Iezoside

A new compound called iezoside (Figure 6) is isolated from 
marine cyanobacterium Leptochromothrix valpauliae. It is 
a polyketide peptide with a unique structure that includes a 
2,3-O-dimethyl-α-l-rhamnose branch, a conjugated diene 
group, and an α,β,γ,δ-unsaturated-amide group. Iezoside 
has been found to exhibit potent anticancer properties 
against HeLa cells with an IC50 value of 6.7 nM, causing 
a delay in the cell cycle, inducing morphological changes 
(spindle-like), and activating the apoptosis-induction 
pathways[62].

3.11.2. Caldoramide

Caldoramide (Figure  6) is a pentapeptide compound 
derived from the marine cyanobacterium Caldora 
penicillata. This compound exhibits potent cytotoxic 
activity against HCT116, HT-29, and MCF-7, with IC50 
values of 43.8 ± 3.7, 77.5 ± 1.3, and 33.9 ± 1.3, respectively. 
However, its cytotoxicity is lower than that of belamide A 
and dolastatin 10[63].

Based on reviews in the literature, several compounds 
have been isolated from different cyanobacteria strains 
which may be due to the ability of cyanobacteria to 
produce these metabolites as a chemical defense technique 
against predators and compete for space and nutrients or 
to produce these metabolites when growing in extreme 
environment and/or cultivation under different cultivation 
condition or stress condition (such as high or low pH, 
temperature, and salinity).

Some metabolites have been found to exhibit 
cytotoxicity against different cancer cell lines, with varying 
cellular responses depending on the type of cancer cell. The 
mechanisms underpinning their cytotoxic effects include 
cell cycle arrest, caspase activation, impairment of the actin 
cytoskeleton, histone deacetylase inhibition, inhibition 
of the trimeric Sec61 translocon, depolymerization of 
microtubules, 20S proteasome inhibition, mitochondrial 
fragmentation, and prevention of multidrug resistance. 
Several other compounds are not reviewed in this paper 
due to a lack of information concerning their cytotoxicity 
or their selectivity toward normal cells rather than 
cancer cells. Therefore, modifying the structure of these 
compounds is necessary to create analogs that exhibit high 
cytotoxicity and are more selective against cancer cells 
than the original metabolite.

4. Conclusions
Cyanobacteria are known to contain various bioactive 
compounds, including apratoxin, symplostatin 1, 

bartolosides, caylobolide, bisebromoamides, carmaphycins, 
anaenamides, cocosamides, aurilides, wenchangamides, 
coibamide A, largazole, almiramides, dolastatins, 
microcolins, hectochlorins, lyngbyabellins, patellamides, 
majusculamides, aplysiatoxins, caldorazole, laxaphycins, 
iezoside, and caldoramide. These compounds can be found 
in various cyanobacteria species and have been shown to 
possess anticancer properties against a range of cancer cell 
lines, such as human colon carcinoma, osteosarcoma, breast 
cancer, lung cancer, cervical cancer, and fibrosarcoma cells. 
However, further research is needed to determine the safety 
and effectiveness of these compounds in animal models and 
clinical applications. It is of utmost importance to find the 
right balance between drug safety and effectiveness for these 
compounds in the treatment of cancer. Although the general 
rule of thumb is to discontinue any further investigations 
on the slightly effective compounds that elicit severe side 
effects, there are still no clear guidelines on whether effective 
compounds that can cause significant side effects should 
be approved for further studies. This uncertainty poses a 
challenge for drug developers in selecting the appropriate 
drugs that have the highest potential to maximize the overall 
patient outcome in cancer treatment.
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Abstract
Skeletal complications arising from osteoporosis or bone metastases are associated 
with considerable pain, increased mortality, and diminished quality of life. Agents that 
prevent bone resorption, such as bisphosphonates, denosumab, and antiangiogenic 
agents, prove effective in reducing fracture risk and find extensive use in patients with 
osteoporosis or bone cancer metastases. Medication-related osteonecrosis of the 
jaw (MRONJ) is a potentially serious adverse event associated with high cumulative 
doses of antiresorptive drugs. Other risk factors for osteonecrosis of the jaw include 
glucocorticoid use, maxillary or mandibular bone surgery, poor oral hygiene, chronic 
inflammation, diabetes mellitus, inappropriate dentures, and other MRONJ-related 
medications. Preventive strategies encompass completing necessary oral surgery 
before initiating antiresorptive drug therapy, administering antibiotics before and/or 
after the procedure, rinsing the mouth with chlorhexidine, ensuring adequate wound 
healing post-tooth extraction, and maintaining good oral hygiene. The primary goal 
of treatment is to improve the patient’s quality of life by managing pain and infection, 
preventing the development of new lesions, and decelerating disease progression. 
Dentists and dental hygienists, operating within a multi-professional team, play a key 
role in the primary prevention of MRONJ. However, a standardized multidisciplinary 
approach, fostering sustained dialog between specialists involved in the management 
of patients at risk for MRONJ, remains essential. This review describes the preventive 
and individualized oral hygiene management in patients at risk for this condition.

Keywords: Preventive protocols; Patients at risk of MRONJ; Antiresorptive drugs; Oral 
hygiene; Healthy lifestyles

1. Introduction
Medication-related osteonecrosis of the jaw (MRONJ) is an adverse event associated with 
antiresorptive drug therapy, often administered in combination with anti-angiogenics. It 
is a potentially serious and debilitating complication defined by the American Association 
of Oral and Maxillofacial Surgeons as the presence of an area of exposed bone in the 
maxillofacial region persisting for more than 8 weeks in the absence of prior radiotherapy 
treatment[1,2]. The diagnosis of MRONJ relies on the patient’s history and clinical and 
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radiological features demonstrating progressive bone 
destruction (both exposed and unexposed)[3-5]. Common 
signs and symptoms of MRONJ include exposed necrotic 
bone, sinus tract or fistula, recurring abscesses, gingival 
swelling, bad breath, loosening of teeth, jaw fracture, 
sinus pain, and numbness or dysesthesia of the lower lip. 
Diagnosis of MRONJ is considered when exposed bone 
in the maxillofacial region does not heal within 8  weeks 
in a patient treated with an antiresorptive agent[1-7]. While 
MRONJ is reported as a rare adverse event in patients with 
osteoporosis, its incidence is higher in cancer patients 
with bone metastases or malignant hypercalcemia (up to 
1 – 10% of patients)[8,9]. However, even in patients with 
osteoporosis, there is an increased risk of MRONJ following 
oral surgical therapies. For this reason, an evaluation of 
the route of administration of antiresorptive drugs, the 
duration of treatment, and the drug withdrawal period are 
essential to prevent post-operative MRONJ in this patient 
category[10]. The pathophysiology of MRONJ remains 
incompletely understood, with oral microbiota and dental 
infections considered central to its development[11-14]. 
Since the initial reporting of MRONJ more than 20 years 
ago, attention has been directed toward the association 
between tooth extraction and adverse events in patients 
already receiving ONJ-related medications[15,16]. Recently, 
dentoperiodontal and peri-implant infections have been 
highlighted as key local risk factors for MRONJ, often 
serving as the primary rationale for surgical procedures 
involving tooth extraction or implant removal[17-22]. The 
link between periodontal disease and the development 
of MRONJ has been extensively demonstrated, with the 
spread of bacteria through periodontal pockets identified 
as a primary mechanism for infection propagation through 
the alveolar bone. Notably, the promotion of MRONJ 
development is likely influenced not only by the presence 
of Porphyromonas gingivalis and other periodontogenic 
bacteria in the periodontal pockets but also by IgG 
products[3,18,23-26].

1.1. Monitoring and evaluation of the patient 
candidate for therapy with antiresorptive drugs

Primary prevention aims to eliminate oral and dental 
risk factors by focusing on restoring and/or maintaining 
good oral health, thereby reducing the risk of pathological 
conditions or other adverse events[26-30].

The preventive protocols and recommendations 
include several key practices, including completing 
necessary oral surgery before initiating antiresorptive drug 
therapy, administering antibiotics 2 – 4 days before and 7 
– 10 days after the surgery procedures, using antimicrobial 
mouthwash, ensuring adequate wound closure after 
tooth extraction, and maintaining good oral hygiene[31,32]. 

Therefore, the International Task Force on Osteonecrosis 
of the Jaw recommends that during invasive oral surgery, 
patients should have their anti-resorptive therapy 
withheld until soft-tissue healing occurs[33]. Another 
equally important recommendation includes initiating 
MRONJ prevention before, during, and after the end of 
antiresorptive therapy[6,10,26,27,33-36] (Table  1). For low-risk 
patients, the same recommendations apply to preventive 
dental visits, maintaining optimal oral health aligned 
with general population standards. However, for cancer 
patients, the dental checks will be more stringent.

2. Systematic review methods
We conducted a literature review to compile practical 
guidelines for health-care professionals regarding the 
management and maintenance of oral health in patients 
at risk of MRONJ. The search for scientific articles 
was conducted on medical databases such as PubMed, 
Cochrane, and Google Scholar on October 23, 2023. The 
keywords used were “Prevention and MRONJ,” “Oral 
hygiene and MRONJ,” and “Microbiota and MRONJ”. In 
addition, a manual search was conducted to improve the 
article pool. The search strategy is summarized in Table 2.

After preliminary screening and removal of duplicates, 
the abstracts and titles of articles were assessed to 
determine eligibility for further evaluation. The selected 

Table 2. Article search strategy

Search strategy Parameters

Keywords • Prevention and MRONJ
• Microbiota and MRONJ
• Oral hygiene and MRONJ

Publication years • 2003 – 2023

Electronic database • PubMed
• Cochrane
• Google Scholar

Abbreviation: MRONJ: Medication‑related osteonecrosis of the jaw. 

Table 1. Prevention of osteonecrosis of the jaw related to 
antiresorptive drugs

Prevention 
before, during, 
and after 
treatment

• First visit with complete radiographic examinations
• �Complete oral‑dental examination, evaluation of the 

mucous membranes and tongue
• �Careful examination of the condition of the back of 

the tongue
• Dental formula
• Compilation/updating of the periodontal record
• Evaluation of the quantity and consistency of saliva
• Mapping of oral lesions
• Photographic documentation
• Oral checks (4 – 6 months)
• �Instruct the patients to maintain optimal oral health and 

to recognize possible signs and symptoms of MRONJ
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articles were ultimately included for qualitative analysis. 
The inclusion criteria encompassed articles in any language 
reporting clinical trials, expert reviews, literature reviews, 
meta-analyses, and systematic reviews. The exclusion 
criteria were scientific articles not reporting on primary 
prevention and oral hygiene in patients with MRONJ, as 
well as case reports.

3. Results
A total of 1,735 articles were retrieved from manual and 
electronic databases. Out of these, 1,323 articles were 
reviewed, and eight were considered to meet the inclusion 
criteria for qualitative review (Figure 1).

3.1. Synthesis of results
In efforts to prevent MRONJ, there is a significant focus on 
optimizing oral health, given its demonstrated effectiveness 
in reducing the associated risk. The included articles 
concur that primary prevention plays a fundamental role 
in maintaining healthy oral microbiota and mitigating the 
risk of MRONJ (Table 3).

4. Discussion
The included studies affirm and emphasize the need for 
multidisciplinary dialog among specialists involved in 
both primary and secondary prevention of MRONJ. 
While systemic risk factors, such as oncological disease 
and comorbidities associated with hyperthyroidism, 

diabetes, hypovitaminosis D, rheumatoid arthritis, 
hypocalcemia, osteomyelitis, chronic renal failure, and 
anemia, pose challenges in terms of modification, they 
remain open to improvement. In contrast, local risk 
factors are modifiable and offer a wide field of intervention 
through primary prevention and secondary. The control 
of local inflammatory factors, especially those associated 
with dento-periodontal and peri-implant conditions, is 
considered one of the main risk factors contributing to 
the development of ONJ. The ONJ International Task 
Force highlights the importance of managing periodontal 
disease before the commencement of antiresorptive 
therapy[6,9,26,27,32,37-52]. Preventive protocols and 
comprehensive oral and extraoral clinical examination 
must be conducted indiscriminately in patients with 
dentition, as well as in edentulous patients, especially for 
those utilizing removable dentures. This is crucial since 
removable dentures are identified as risk factors linked 
to ONJ and have the potential to induce microtrauma to 
the oral mucosa, creating an environment conducive to 
predominantly fungal bacteriology. Mechanical cleansing 
of the mucous membranes is beneficial not only for 
disorganizing the bacterial biofilm but also for stimulating 
blood circulation and improving resistance to trauma[53]. 
Therefore, even in these patients, the initial pre-treatment 
visit should include a complete clinical and radiographic 
examination, along with precise mapping of the oral 
mucosa through accurate photographic documentation. 
For individuals utilizing prosthetic devices, meticulous 

Previous studies Identification of new studies via databases and registers

Records identified from
Databases:
PubMed (n=310)
Cochrane (n=1)
Google Scholar 
(n=1,424)

Records identified from
other resources (n=0)

Records removed before
screening:
Duplicate records removed
(n=312)
Records marked as ineligible by
automation tools (n=100)

Records screened
(n=1,323)

Records excluded
(n=1,315)

Reports assessed for
eligibility
(n=8)

Total studies included in
review
(n=8)
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Figure 1. PRISMA flowchart assessment of the included studies.
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finishing and polishing, especially in the lower jaw, are 
imperative, as the edges of these prosthetic artifacts must 
be rounded and beveled[54,55].

At each follow-up visit, it is essential to reinforce the 
motivation for maintaining oral health and controlling 
diabetes and MRONJ-related risk factors (Table  3)[56]. 

To encourage patient compliance and raise patients’ 
awareness of the importance of home oral hygiene, an 
oral hygiene manual may be provided during the first visit 
with oral health professionals. Furthermore, this same 
informational brochure could be disseminated in advance 
by the rheumatologist, orthopedist, and oncologist, 
aiming to promptly activate the MRONJ preventive 

Table 3. Information of articles included in this review

Studies Key outcomes/findings

AlRowis et al.[41] Careful dental preparation and instructions on oral hygiene significantly reduce the risk of ONJ.

Nicolatou‑  
Galitis et al.[27]

Oral clinicians play a critical role in the prevention of MRONJ as part of a multidisciplinary team.

Drudge‑  
Coates et al.[38]

Health‑care professionals can play a key role alongside prescribers and oral clinicians in assessing the risk of MRONJ, thereby 
contributing to the prevention and management of the care pathway for these patients.

Fassio et al.[9] The majority of patients with MRONJ can be managed conservatively through optimal oral hygiene, regular professional dental care, 
and elimination of active dental and periodontal disease.

Khan et al.[32] The development of ONJ can be mitigated by optimizing oral hygiene, and periodontal disease must be managed before starting 
doses of antiresorptive drugs.

Migliario et al.[42] Primary prevention, carried out by dental hygienists, and secondary prevention, through professional oral hygiene and periodic 
monitoring of the oral health status of patients at risk, are of fundamental importance to prevent the onset of lesions.

Campisi et al.[6] The diagnosis and prevention of MRONJ play a significant role not only in the quality of life of patients but also in the 
decision‑making process of the majority of doctors involved in the prevention of ONJ (primary and secondary).

Di Fede et al.[26] The application of primary and secondary prevention protocols by doctors and oral hygienists, in synergy with prescribers and 
adequate patient awareness, is key to implementing strategies aimed at a common objective – the reduction of MRONJ outbreaks.

Abbreviations: MRONJ: Medication‑related osteonecrosis of the jaw; ONJ: Osteonecrosis of the jaw.

Figure  2. A  brochure outlining oral hygiene clinical protocols for patients undergoing antiresorptive drug treatment. The content of the brochure is 
modified from references Giovanna Mosaico et al.[30], Drudge-Coates et al.[38], Migliario et al.[42], and National Cancer Institute[44].
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protocols. This approach is consistently directed toward 
the patients’ health and underscores the importance 
of a multidisciplinary manner (Figure  2). Maintaining 
healthy lifestyles in MRONJ patients includes several key 
elements:
•	 Blood sugar control;
•	 Elimination of risk factors such as smoking and 

alcohol consumption;
•	 Adherence to proper nutrition rich in vitamins and 

avoiding excessively sour, spicy, crunchy and hot food;
•	 Vigilance toward possible injuries or pains in the oral 

cavity;
•	 Control of bacterial biofilm through oral hygiene 

practice, including brushing of teeth, gums, and 
tongue, conducted twice a day.

4.1. Professional oral hygiene in cancer patients at 
risk of MRONJ

Professional oral hygiene is increasingly indicated in the 
recent literature for cancer patients at risk of MRONJ. 
However, a clear and unequivocal operating protocol for 
oral professionals caring for these patients is currently 
lacking[43].

Minimally invasive non-surgical periodontal therapy 
must be carefully planned to ensure regular removal 
of plaque and tartar, together with periodic clinical 
screening of the oral and periodontal health status of 
patients undergoing treatment. For the management of 
acute gum disease, chlorhexidine rinses at concentrations 
between 0.12% and 0.2% are recommended, administered 
2 to 4 times a day, depending on the severity. Nonsurgical 
periodontal therapy can be performed when there are 
no significant oral lesions that limit mouth opening 
and when the neutrophil count is >2,000/ml and the 
platelet count is >40,000/ml. The professional oral 
hygiene program includes the compilation and updating 
of the periodontal record, including recording the 
probing depth, clinical level of attachment, recessions, 
mobility, and furcation involvement. Furthermore, the 
evaluation of periodontal health includes the evaluation 
of the quality of oral hygiene, including plaque and 
bleeding indices. Professional oral hygiene procedures 
encompass deplaquing and tartar removal utilizing 
low-frequency mechanical instruments. Moreover, the 
program emphasizes the strengthening and education 
of home oral hygiene practices, covering both the oral 
cavity and dentures, to mitigate the risk of periodontal 
infections[42,44]. Therefore, it is essential to plan a 
follow-up period of 3 – 4  months for cancer patients 
undergoing treatment and 6 months for patients at low 
risk of MRONJ. This planning should not overlook the 

significant role of the patient in maintaining effective 
oral hygiene at home, including self-screening[45,46].

If MRONJ is suspected, it is imperative to refer the 
patient promptly to an oral and maxillofacial surgeon or 
a specialized cancer center. In the meantime, the dentist 
may consider prescribing a mouthwash containing 
0.12% chlorhexidine and/or a course of amoxicillin with 
clavulanic acid to treat any related infections[47-50].

4.2. Limitations

MRONJ remains a condition marked by uncertain and 
controversial aspects among the most recently studied 
oral diseases. Numerous questions persist, particularly 
concerning the diagnosis, the optimal frequency of checks, 
and the formulation of effective professional and home 
oral hygiene protocols. The objective of this review is to 
shed light on the management of primary prevention and 
provide guidance to oral health professionals for patients 
at risk. The limited number of studies available for analysis 
is a notable constraint, indicative of the scarcity of studies 
conducted on this specific topic. Future studies will be 
essential to validate the preliminary findings and establish 
a more comprehensive understanding of MRONJ.

5. Conclusion
The number of patients, both with cancer and without, 
undergoing treatment with MRONJ-related drugs and, 
therefore, the potential occurrence of adverse events appears 
to be steadily increasing. Recent confirmation highlights 
that effective prevention of MRONJ necessitates the 
application of appropriate protocols for primary prevention 
in both pre-treatment and treatment phases for patients 
receiving antiresorptive drugs. The Consensus Conference 
emphasizes the importance of adherence to these principles 
by key figures such as physicians, drug prescribers, dentists, 
and oral hygienists. To improve the efficacy of therapeutic 
strategies and enhance the quality of life for patients, a 
standardized multidisciplinary approach is recommended. 
Central to the prevention strategy is periodontal therapy, 
personalized oral hygiene education, and motivation for 
adopting healthy lifestyles. Periodontal screening remains 
indispensable for clinicians, facilitating the establishment of 
a correct multidisciplinary approach to managing MRONJ. 
The examination of the posterior aspect of the tongue 
emerges as a valid indicator of the patient’s microbiota 
status, offering the possibility of conducting minimally 
invasive bacteriological tests to monitor bacterial load.
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Abstract
Aspartic proteases can hydrolyze peptide bonds, making them potential targets for 
drug development against malaria parasites. In particular, inhibiting the histoaspartic 
protease (HAP) can disrupt the growth phase of Plasmodium falciparum and its ability 
to degrade hemoglobin for protein synthesis. Compound 5, specifically designed as 
2-(2-benzoyl-4-methylphenoxy)quinoline-3-carbaldehyde, served as the basis for 
designing 50 hypothetical compounds (A1-A50). These compounds were subjected to 
in silico screening to assess their toxicity profiles, pharmacokinetics, bioactivity scores, 
and theoretical binding affinities, as a part of the drug design protocol. Out of the 50 
compounds, nine lead candidates showed no toxicity to human cells. In addition, ten 
standard reference antimalarial drugs were included in this study for comparison. The 
highest binding energies were observed for compound A5 (−11.2 kcal/mol) and A31 
(−11.3 kcal/mol), surpassing the performance of mefloquine, the best reference drug, 
which ranked ninth with a binding energy of (−9.6 kcal/mol). Compound A31 did not 
exhibit the evidence of interaction with either Asp215 or His32, whereas compound 
A5 displayed π-π stacking interactions with His32. Mefloquine also did not show any 
interaction with Asp215 or His32. Moreover, compound A5 demonstrated greater 
hydrophobic interactions at the active site with most binding residues, except for Lys7 
in the hydrophobic region. This characteristic suggests that compound A5 may have 
the ability to adopt a smaller surface area, exhibit increased biological activity, and 
have reduced interactions with water, which could facilitate slower clearance. Based 
on the assessment of various drug-likeness parameters, compound A5 (2-(2-benzoyl-
4-methylphenoxy)-7-methylquinoline-3-carbaldehyde) is a potential lead candidate 
for the development of a new antimalarial drug.

Keywords: Malaria; Mefloquine; Binding energy; Drug leads; Oral bioactivity score; 
Pharmacokinetics; Docking

1. Introduction
Malaria, a significant infectious disease characterized by acute febrile illness, continues 
to pose a global health concern. The World Health Organization estimates that the global 
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burden of malaria in the year 2020 ranged between 200 
and 300 million cases, resulting in approximately 627,000 
deaths[1]. Among the various species of Plasmodium 
that cause malaria, Plasmodium falciparum is the most 
formidable and widespread in Africa[2]. In the recent 
decades, drug-resistant strains of P. falciparum have 
emerged, leading to a worrisome situation where the 
effectiveness of currently available drugs has diminished. 
These persistent challenges have prompted the search 
for new drugs or the redesigning of existing chemical 
compounds, aiming to establish a sustainable global public 
health strategy.

An emerging approach to combat drug resistance 
in malaria involves exploring alternative biological 
components distinct from the traditional target sites. 
Plasmepsins, a type of aspartic proteinase present in 
malaria parasites, have emerged as promising targets 
for malaria treatment[3]. Histoaspartic protease (HAP) is 
one of the four plasmepsins found in the food vacuole 
of P. falciparum[4]. During the growth phase of the 
Plasmodium parasite, HAP is responsible for catalyzing 
the degradation of erythrocyte hemoglobin at specific 
peptide bonds, which serve as cleavage sites in the 
degradation pathway. This degradation process provides 
the parasite with essential amino acids for protein 
nutrient enrichment[5], whereas the other plasmepsins 
play different roles[6].

An effective strategy to inhibit the protease activity of 
the Plasmodium parasite is to target the active site of HAP, 
considering the presence of the aspartate residue (Asp215) 
and histidine residue (His32) in it. The high affinity 
of the aspartic protease inhibitor pepstatin-A for this 
active site makes it a potential candidate for blocking the 

functionality of HAP and thereby inhibiting the protease 
of the Plasmodium parasite[7]. By disabling HAP’s ability 
to degrade hemoglobin, the propagation of the parasite 
within host cells could be reduced while preserving the 
hemoglobin of infected erythrocytes.

Quinoline is a major component of these drugs. As an 
important organic compound found in certain natural 
compounds such as alkaloids and pharmacologically 
active substances, quinoline has been reported to exhibit 
inhibitory effects on Plasmodium proteases both in vitro 
and in vivo[8].

Figure 1 illustrates the presence of quinoline moieties 
(highlighted in red) in some current standard antimalarial 
drugs, whereas Figure  2 shows the presence of phenolic 
groups (red ring) at position 2 of quinoline derivatives, 
which are also found in various pharmacologically active 
compounds with antibacterial, anthelmintic, anticancer, 
antifungal, antihypertensive, anti-inflammatory, analgesic, 
and antiviral properties[9-12].

The drug-targeted design of quinoline derivatives 
as inhibitors of HAP is currently lacking substantial 
information. Therefore, our study aimed to assess 
the relative binding affinity of hypothetical quinoline 
derivatives with HAP of P. falciparum using in silico 
methods. We chose HAP of P. falciparum specifically 
because it possesses a unique, divergent vacuolar 
plasmepsin, which is distinct from the plasmepsin of any 
known Plasmodium species[13,14].

To study the relative binding affinity of hypothetical 
quinoline derivatives with HAP of P. falciparum, we 
synthesized 2-(2-benzoyl-4-methylphenoxy)quinoline-
3-carbaldehyde (5 in Scheme 1; Figures S1–S3) and 

Figure 1. Common antimalarial drugs (mostly containing quinoline moieties).
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evaluated its in silico toxicity, which was found to be 
mildly carcinogenic (Table 1). Subsequently, we designed 
50 hypothetical derivative compounds (Figure  3) for 
in  silico screening, aiming to identify lead candidates for 
antimalarial activity based on absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) tests. 
Furthermore, we conducted investigations on their 

pharmacokinetics and bioactivity scores and performed 
molecular docking simulations into the binding pockets of 
HAP of P. falciparum. This drug-design protocol enabled 
us to gain insights into the binding interactions between 
the ligand compounds and the amino acid residues of the 
HAP enzyme’s active sites, which represent a crucial aspect 
in the development of potential drug-like inhibitors.

Figure 2. Properties of 2-phenoxyquinoline derivatives.

Scheme 1. Synthesis of 2-(2-benzoyl-4-methylphenoxy)quinoline-3-carbaldehyde (5).
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2. Methodology
2.1. Synthesis of 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde (5)

The synthesis of 2-(2-benzoyl-4-methylphenoxy)quinoline-
3-carbaldehyde (5) involves three steps, which are described 
as follows:

2.1.1. Synthesis of 2-chloroquinoline-3-
carbaldehyde (2)

Phosphorous oxychloride (POCl3; 28  ml) was added 
dropwise to dimethylformamide (DMF) in a round-bottom 
flask while maintaining it an ice bath at 0°C. During this 
process, an orange color change was observed. The resulting 
mixture was then combined with acetanilide (10  g, 1 
equivalent) dissolved in 30 ml of DMF. The temperature of 
the reaction was raised from 0°C to 80°C and maintained 
for 9 h. Thin-layer chromatography was used to monitor 
the progress of the reaction. After completion, the reaction 
mixture was allowed to cool and then slowly poured into an 
ice bath while stirring for 30 min. The resulting precipitate 
was washed with distilled water (50 ml × 5) to remove any 
residual acid. The precipitate was then filtered and left to 
air-dry for 48 h.

2.1.2. 2-(p-tolyloxy)quinoline-3-carbaldehyde (4)

Next, a mixture of p-cresol (1.70  ml, 10.44 mmol) and 
K2CO3 (4.33 g, 31.32 mmol) in 15 ml of DMF was prepared, 
and to this mixture, the precipitate obtained in the previous 
step, i.e., 2-chloroquinoline-3-carbaldehyde (2) (2.00  g, 

10.44 mmol), was added. The reaction mixture was stirred 
at 90°C for 9 h. Upon completion, water (15 ml × 3) was 
added to the reaction mixture, and the resulting solid was 
filtered and recrystallized from ethyl acetate (10 ml). This 
yielded a white solid, 2-phenoxyquinoline-3-carbaldehyde 
(4), which served as the precursor for the benzoylation 
reaction.

2.1.3. Synthesis of 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde (5)

A mixture of ammonium thiosulfate, (NH4)2S2O8 (0.24 g, 
2.0 equivalents), and Ag2O (a co-oxidant; 1.0 equivalent) 
was added to 2-phenoxychloroquinoline-3-carbaldehyde 
(4) (0.10  g, 0.38 mmol, 1.0 equivalent) in an oven-
dried reaction tube, and Pd(OAc)2 (0.008 g, 0.04 mmol, 
0.1 equivalent) was used as a catalyst. The reaction 
mixture was flushed with nitrogen to remove air, and 
then dichloroethane (2  ml) was added before sealing 
the reaction vessel. The mixture was stirred at 100°C 
for 12  h with thin-layer chromatography monitoring. 
After completion, ethyl acetate (20 ml × 3) was used to 
extract the product. The organic layer was washed with 
water (15 ml × 3), dried with anhydrous sodium sulfate, 
filtered, and concentrated under vacuum. The resulting 
residue was purified through column chromatography 
on silica gel (60–120 mesh) using a hexane:  ethyl 
acetate (1:19) solvent system, yielding compound 
5  (2-phenoxyquinoline-3-carbaldehyde) in a 60% yield. 
The product’s characterization was carried out using 

Figure 3. Nine non-toxic hypothetical derivatives of compound 5.
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Fourier transform-infrared spectroscopy (FT-IR), proton 
nuclear magnetic resonance (1H-NMR), and high-
resolution mass spectrometry (HRMS) techniques.

2.1.4. Structural elucidation of compound 5

A white solid was obtained after a reaction time of 12  h 
with a yield of 60 %; m.pt: 119 – 121°C; IR (neat) v max 
(cm-1) 3057, 2922, 2856, 2739, 1754, 1690, 1612, 1590, 1494, 
1461, 1343, 1257, 1199, 1097, 760; 1H-NMR (400 MHz, 
CDCl3) δ  9.75 (s, 1H), 8.32 (s, 1H), 7.97 (d, J  =  8.3  Hz, 
1H), 7.82 (d, J = 8.2 Hz, 1H), 7.80 (t, J = 8.2 Hz, 1H), 7.74 
(t, J = 7.5 Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.51 (d, 1H), 
7.39 (t, 1H), 7.19 (s, 1H), 6.86 (d, 1H), 6.84 (d, 1H), 2.41 
(s, 3H). HRMS (ESI): Calc. for [(C24H17NO3)] (M+H)+ 
368.1281, found 368.1283.

2.2. Toxicity prediction of compound 5

The synthesized compound 5 was subjected to toxicity 
testing by inputting its SMILES representation, which 
was drawn using ChemDraw 14.0 and saved as an.sdf 
file. The Protox II web server (https://tox-new.charite.
de/protox_II/) was utilized for this purpose. The web 
server provided data on hepatoxicity, carcinogenicity, 

immunotoxicity, mutagenicity, and cytotoxicity, which 
were then extracted[13].
2.3. Preparation of hypothetical compounds 
(A1–A50) and antimalarial reference drugs

A set of 50 hypothetical compounds were generated 
and visually represented using ChemDraw 14.0. These 
structures were saved in the.sdf format, and their 
corresponding SMILES notations were uploaded into the 
Protox II web server[15], as depicted in Figure 4. In addition, 
ten antimalarial drugs, namely, artesunate, doxycycline, 
tafenoquine,  amodiaquine, artemether, lumefantrine, 
primaquine, piperaquine, mefloquine, and chloroquine, were 
obtained from PubChem[16] for comparative purposes. The 
structures of these drugs were downloaded and saved in the.
sdf format, and their corresponding SMILES representations 
were also uploaded into the Protox II web server[16] to conduct 
virtual screening. This screening aimed to investigate their 
toxicity profiles and assess their compliance with all drug-
likeness rules as outlined by Lipinski et al.[17]

Figure 4A. (A and B) 3D interaction diagram and hydrogen bond donor 
and acceptor interaction of compound A31 with Plasmodium falciparum 
histoaspartic protease residues.

B

A

Figure  4B. (A and B) 2D diagram of the bond length and interacting 
residues of Plasmodium falciparum histoaspartic protease with 
compound A31.

B

A
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2.4. Selection of HAP protein receptor

The crystal structure of the HAP protein molecule, with 
a resolution of 2.10 Å, was acquired from the Protein 
Data Bank at rcsb.org[18]. The structure was obtained 
in the.pdb format and subsequently processed using 
BIOVIA Discovery Studio DS 2020 to eliminate any 
unwanted ligands and water molecules. In addition, 
polar hydrogen atoms were added to the structure as 
required.

2.5. In silico drug-likeness and ADME predictions

Compounds A1–A50 were subjected to drug-likeness 
analysis utilizing admetSAR2[19] to predict crucial 
adsorption, distribution, metabolism, and excretion 
(ADME) parameters for potential drug candidates[20]. 
The SMILES representations of these compounds were 
uploaded onto the web server, and the generated results 
were extracted and thoroughly analyzed.

2.6. Bioactivity score

To assess their suitability as drug candidates, compounds 
A1–A50 underwent drug-likeness analysis using 
admetSAR2[19]. This analysis aimed to predict vital 
parameters related to ADME for these compounds, with 
the goal of identifying potential candidates for further 

drug development[20]. The SMILES representations of the 
compounds were submitted to the web server, and the 
resulting data were carefully extracted and comprehensively 
examined.

2.7. Molecular docking study

To evaluate the inhibitory potential of synthesized 
compound 5, as well as the selected hypothetical 
compounds, docking simulations were performed against 
HAP using the PyRx 0.8 AutoDock Vina Wizard. The 
macromolecules were converted to Autodock format, and a 
flexible ligand to rigid protein approach was employed. All 
possible binding sites on the target protein were explored 
during the docking process. The docking calculations 
were performed within a cubic grid of dimensions 
90 × 75 × 60 centered on the protein, encompassing the 
entire protein structure. This process lasted approximately 
1 h. A grid spacing of 1.00 Å was utilized to generate the 
grid maps using the autogrid module of AutoDock Tools. 
Each ligand underwent nine independent runs to ensure 
accuracy.

Based on the identified potential binding sites, 
energetically favorable binding conformations were 
selected using AutodockVina[21]. The binding modes, along 
with their respective binding affinities and RSB (upper and 
lower) values, were obtained to guide the selection of the 
highest scoring binding conformation for each ligand. The 
binding mode with the best binding affinity was chosen. 
The ligand-protein complexes were analyzed using DS 
Visualizer. All software applications were executed on 
PC-based machines running the Microsoft Windows 10 
operating system.

3. Results and discussion
3.1. Synthesis of 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde (5) and preparation of 
hypothetical compounds (A1–A50) as ligands

Compound 5, which is 2-(2-benzoyl-4-methylphenoxy)
quinoline-3-carbaldehyde, was synthesized through 
a series of steps starting from 2-phenoxyquinoline, 
derived from 2-chloroquinoline-3-carbaldehyde using 
the Vismeier-Haack formylation method (as discussed in 
Section 2.1 and depicted in Scheme 1). The characterization 
of compound 5 involved the use of FT-IR, HRMS, and 
1H-NMR spectroscopy (Figures S4–S9). In each step of 
the synthesis, newly added sections of the molecule were 
highlighted in red.

Initial docking studies revealed that compound 5 
(2-(2-benzoyl-4-methylphenoxy)quinoline-3-carbaldehyde) 
displayed noteworthy bioactivity. However, it was also 
found to have a mild carcinogenic effect, as indicated in 

Figure 4C. (A and B) Hydrophobic/hydrophilic and solvent accessibility 
surface interaction of compound A31 with Plasmodium falciparum 
histoaspartic protease residues.

B

A
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Table  1. Therefore, the rationale behind the research 
was to propose structural modifications by introducing 
various substituents at specific positions of the quinoline, 
tolyoxy, and benzoyl components of compound 5. These 
substituents included methyl, halogens, thiol, amino, 
methoxy, nitro, hydroxy, and isopropyl groups at positions 

4, 5, 6, 7, and 8 of the quinoline moiety. For the tolyloxy 
scaffold, methyl, amino, thiol, and hydroxy groups were 
considered at the ortho and meta positions. Furthermore, 
for the para positions of the benzoyl scaffold, thiol, amino, 
nitro, and methoxy substituents were taken into account 
(Figure 5).

Figure 5. Hypothetical compounds A1–A50 obtained from structural modifications of compound 5.

Table 1. Toxicity prediction and probability values of lead compounds using Protox II webserver

Target Compound 5 A5 A31 A36 A20

Hepatotoxicity Inactive (0.56) Inactive (0.97) Inactive (0.50) Inactive (0.52) Inactive (0.54)

Carcinogenicity Active (0.54) Inactive (0.57) Inactive (0.52) Inactive (0.52) Inactive (0.54)

Immunotoxicity Inactive (0.83) Inactive (0.99) Inactive (0.82) Inactive (0.71) Inactive (0.67)

Mutagenicity Inactive (0.55) Inactive (0.85) Inactive (0.56) Inactive (0.56) Inactive (0.60)

Cytotoxicity Inactive (0.75) Inactive (0.78) Inactive (0.74) Inactive (0.75) Inactive (0.75)

Table 2. Toxicity prediction and probability values of lead compounds using Protox II webserver

Target A33 A34 A45 A48 A49

Hepatotoxicity Inactive (0.60) Inactive (0.60) Inactive (0.52) Inactive (0.54) Inactive (0.54)

Carcinogenicity Inactive (0.56) Inactive (0.56) Inactive (0.51) Inactive (0.41) Inactive (0.54)

Immunotoxicity Inactive (0.65) Inactive (0.62) Inactive (0.67) Inactive (0.69) Inactive (0.60)

Mutagenicity Inactive (0.53) Inactive (0.53) Inactive (0.52) Inactive (0.60) Inactive (0.60)

Cytotoxicity Inactive (0.71) Inactive (0.71) Inactive (0.76) Inactive (0.75) Inactive (0.75)
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3.2. Toxicity results of compound (5), hypothetical 
compounds (A1–A50), and ten antimalarial 
reference drugs

A total of 50 hypothetical compounds (A1–A50) depicted 
in Figure  5, along with ten reference drugs (artesunate, 
doxycycline, tafenoquine, amodiaquine, arthemeter, 
lumefantrine, primaquine, piperaquine, mefloquine, and 
chloroquine), were subjected to virtual investigations 
to evaluate their toxicity profiles. The specific 
toxicity parameters examined included hepatoxicity, 
carcinogenicity, immunogenicity, mutagenicity, and 
cytotoxicity, as outlined in Table 1.

Notably, compound 5 and forty-one of the hypothetical 
derivatives exhibited failures in one or more of these tests, 
suggesting potential toxic and carcinogenic activities[22]. 
However, nine lead compounds (A5, A20, A31, A33, A34, 
A36, A45, A48, and A49) shown in Figure 3 demonstrated 
full compliance with the evaluated toxicity parameters 
(Tables 1 and 2).

Notably, the toxicity results for the reference drugs, as 
shown in Tables  3 and 4, revealed that only mefloquine 
demonstrated compliance with the evaluated parameters. 
In contrast, the other reference drugs exhibited one or more 
violations when compared to the nine lead compounds. 

Table 3. Toxicity prediction of standard drugs against P. falciparum using Protox II webserver

Target Mefloquine Piperaquine Artesunate Doxycycline Tafenoquine

Hepatotoxicity Inactive (0.75) Inactive (0.78) Inactive (0.76) Active (0.54) Inactive (0.78)

Carcinogenicity Active (0.76) Inactive (0.71) Inactive (0.65) Inactive (0.77) Inactive (0.63)

Immunotoxicity Inactive (0.84) Active (0.93) Active (0.87) Active (0.99) Active (0.99)

Mutagenicity Inactive (0.68) Active (0.50) Inactive (0.63) Inactive (0.95) Active (0.54)

Cytotoxicity Inactive (0.74) Inactive (0.82) Inactive (0.87) Inactive (0.90) Inactive (0.63)

Table 4. Toxicity prediction of standard drugs against P. falciparum using Protox II webserver

Target Amodiaquine Artemether Lumefantrine Primaquine Chloroquine

Hepatotoxicity Inactive (0.61) Inactive (0.77) Inactive (0.70) Inactive (0.84) Inactive (0.90)

Carcinogenicity Active (0.61) Inactive (0.66) Inactive (0.61) Inactive (0.59) Inactive (0.66)

Immunotoxicity Active (0.99) Active (0.92) Active (0.99) Active (0.99) Active (0.69)

Mutagenicity Inactive (0.75) Inactive (0.60) Inactive (0.60) Active (0.79) Active (0.94)

Cytotoxicity Inactive (0.53) Inactive (0.94) Inactive (0.67) Inactive (0.61) Inactive (0.93)

Table 5. Physicochemical properties and drug‑likeness of lead compounds using SwissADME webserver

Physico* 5 A5 A31 A36 A20 A33 A34 A45 A48 A49 Mefloq

MW 367.40 381.42 449.42 427.51 383.40 409.48 409.48 429.49 383.40 383.40 378.31

#rot_b 5 5 6 7 5 6 6 6 5 5 4

#HA 4 4 7 4 5 4 4 5 5 5 9

#HD 0 0 0 0 1 0 0 0 1 1 2

TPSA 56.26 56.26 56.26 81.56 76.49 56.26 56.26 104.29 76.49 76.49 45.15

natoms 28 29 33 31 29 31 31 31 29 29 26

nviol 1 1 1 1 1 1 1 1 1 1 2

log Kp −4.83 −4.66 −4.45 −4.58 −5.18 −4.29 −4.29 −5.13 −4.79 −5.18 −6.04

Bioav 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55

GI High High Low Low High High High Low High High High

BBB Yes No No No No No No No No No No

Pgp No No Yes Yes No Yes Yes No No No Yes

Abbreviations: TPSA: Total polar surface area; natoms: Number of atoms in the molecule; MW: Molecular weight; #HA: Number of hydrogen bond 
acceptors; #HD: Number of hydrogen bond donors; nviol: Number of violations; #rot_b: Number of rotatable bonds; bioav: Bioavailability;  
GI: Gastrointestinal absorption; BBB: Blood–brain barrier; Pgp: Permeability glycoprotein substrate; Mefloq: Mefloquine.
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Based on this finding, mefloquine was chosen for further 
virtual studies alongside the selected lead compounds.

3.3. In silico drug-likeness and ADME predictions

The results presented in Table  5 indicate that the lead 
compounds exhibit characteristics in compliance with 
the Rule of Five (RO5). These compounds have a suitable 
number of hydrogen bond donors (0–1 for nitrogen-
hydrogen and oxygen-hydrogen bonds) and hydrogen bond 
acceptors (4–7 for nitrogen or oxygen atoms), which fall 
within the recommended ranges (<5 and <10, respectively). 
Their molecular weights range from 367.40 to 449.40 g/mol, 
aligning with the guideline of 150 to 500 g/mol. The observed 
topological polar surface area (TPSA) values range from 
56.26 to 104 Å2, which also conform to the acceptable range 
of 20 to 130 Å2. In addition, the number of rotatable bonds 
in these compounds does not exceed 9.

According to a previous reported by Daina et al.[23], 
the negative log Kp values (−5.13 to −5.18) suggest that 
compounds A20, A45, and A49 are predicted to have 
lower permeability through human skin compared to the 
other compounds. On the contrary, compounds A31, A36, 
and A45 exhibit reduced gastrointestinal absorption rates. 
These characteristics can be attributed to specific structural 
features, such as the presence of a trifluoromethyl group 
at position 6 in compound A31, a thiol group at position 
8 in compound A36, and a combination of a methoxy 
group at position 6 and a thiol group at position 3 in 
the methylphenoxyl ring. Notably, compound 5 displays 
permeability through the blood–brain barrier, unlike 
the other lead compounds. Furthermore, compounds 
A31, A33, A34, and A36 are identified as substrates for 
P-glycoprotein (P-gp) based on the studies conducted by 
Daina et al. Klopman et al.[23,24].

Out of the nine lead compounds, six, including 
compound 5, exhibited high gastrointestinal absorption 

rates, except for A31, A36, and A45. Moreover, unlike 
the other lead compounds, compound 5 has the ability 
to penetrate the blood–brain barrier, as indicated in 
Table  5. All nine lead compounds demonstrate good 
oral bioavailability, with a value of 0.55, with only one 
permissible violation according to Lipinski et al.[25] 
The inhibition of cytochrome P450 (CYP) isoenzymes 
is recognized as a major factor contributing to 
pharmacokinetics-related drug–drug interactions[26]. Such 

Table 6. Drug violations and cytochrome inhibition ability of compound 5 and the leads using SwissADME webserver

Derivative Lipinski Ghose Veber Egan Muegge CYP2C19 CYP2D6

5 0 0 0 0 1 Yes No

A5 0 1 0 0 1 Yes No

A31 1 1 0 1 1 Yes No

A36 0 1 0 1 1 Yes No

A20 0 0 0 0 0 Yes No

A33 0 1 0 1 1 Yes No

A34 0 1 0 1 1 Yes No

A45 0 1 0 0 1 Yes No

A48 0 0 0 0 1 Yes No

A49 0 0 0 0 0 Yes No

Table 7. Binding energies of pure derivatives and reference 
drugs

Ligand Binding affinity

A31_uff_E=300.34 −11.3

A5_uff_E=278.30 −11.2

A1/5_uff_E=277.56 −10.9

A20_uff_E=282.50 −10.8

A33_uff_E=300.83 −10.5

A49_uff_E=284.88 −10.5

A48_uff_E=343.12 −9.9

A36_uff_E=283.54 −9.8

A45_uff_E=414.27 −9.8

Mefloquine −9.6

Piperaquine −9

A34_uff_E=340.75 −8.7

Artesunate −8.5

Doxycycline −8.5

Tafenoquine −8.5

Amodiaquine −8.4

Artemether −8.3

Lumefantrine −7.3

Primaquine −6.9

Chloroquine −6
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interactions can lead to toxic or adverse effects due to 
decreased drug clearance or the accumulation of drugs or 
their metabolites. Table 6 reveals that the lead compounds 
act as inhibitors of CYP2C19 while serving as substrates 
for CYP2D6. These cytochromes play crucial roles in the 
metabolism and elimination of approximately 25% of 

clinically utilized drugs, involving the addition or removal 
of specific functional groups through hydroxylation, 
demethylation, and dealkylation processes[27].

3.4. Bioactivity score

The potential candidacy of drug leads can be assessed by 
evaluating their bioactivity scores. In Figure  6, it can be 
observed that all the lead compounds generally exhibit 
high or moderate bioactivity across various parameters. 
Specifically, compounds A20 and A48 display high activity 
in five out of the six parameters, with bioactivity scores 
ranging from 0.00 to 0.33. Compounds A5 and A31 
demonstrate high bioactivity as kinase inhibitors (with 
scores of 0.23 and 0.22, respectively), which suggests their 
potential in inhibiting cancer cells[28]. They also exhibit high 
bioactivity as nuclear receptor ligands (with scores of 0.18 
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Figure  6. Bioactivity score of pure derivatives in compliance with the 
Pearson’s correlation coefficient.

Figure 7A. (A and B) 3D interaction diagram and hydrogen bond donor 
and acceptor interaction of compound A5 with Plasmodium falciparum 
histoaspartic protease residues.

B

A

Figure  7B. (A and B) 2D diagram of the bond length and interacting 
residues of Plasmodium falciparum histoaspartic protease with 
compound A5.
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A
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and 0.26, respectively), indicating their ability to interact 
with hydrophobic molecules such as fatty acids, cholesterol, 
and lipophilic hormones[29]. Furthermore, compounds A5 
and A31 demonstrate bioactivity as glycoprotein receptors 
GPCR (with scores of 0.07 and 0.08, respectively), which 
regulate metabolic enzymes and promoter proteins, among 
other functions[30]. Compound A5 is also an enzyme 
inhibitor (with a score of 0.1), indicating its capability to 
bind to additional sites on the enzyme[31]. Among the lead 
compounds, A36 exhibits the lowest bioactivity score.

In terms of protease inhibition, all the lead compounds 
display moderate activity (with scores ranging from −0.18 to 
−0.28), suggesting their potential to impede the maturation 
of new HIV cells[32]. Only compounds A20 and A48 exhibit 
high activity as ion channel modulators, with scores of 0.04 
and 0.07, respectively, surpassing the threshold of 0.00[33].

3.5. Molecular docking study

The findings from the docking simulations of ligands and 
reference drugs against HAP are summarized in Table 7. 

The binding energies for compound A31 (−11.3 kcal/mol) 
and compound A5 (−11.2 kcal/mol) are higher than that of 
compound 5 (−10.9 kcal/mol). Furthermore, the following 
six lead compounds exhibit binding energies ranging from 
−10.8 to −9.8 kcal/mol, all of which are higher than those 
of the ten reference drugs examined. Among the reference 
drugs, mefloquine performs the best with a binding energy 
of −9.6 kcal/mol, whereas chloroquine displays the lowest 
binding energy of −6.0 kcal/mol.

In Figures  4A, 7A, and 8A, the interaction between 
hydrogen acceptors and donors is depicted. In this 
representation, the donor group (indicated by a pink 
region, typically a hydrogen atom) from the ligand 
engages with the hydrogen bond acceptor site (depicted 
in green) on the surface of the enzyme. This electrostatic 
attraction between the partially positively charged 
hydrogen atom and the lone pair of electrons on the 
acceptor atom contributes to the stability of the molecular 
complexes formed, as illustrated in Figures  4, 7, and 8. 
Such interactions play a vital role in various biological 
and chemical processes, including protein-ligand binding, 
DNA base pairing, and solvation phenomena in the 

Figure 7C. (A and B) Hydrophobic/hydrophilic and solvent accessibility 
surface interaction of compound A5 with Plasmodium falciparum 
histoaspartic protease residues.

B

A

Figure 8A. (A and B) 3D interaction diagram and hydrogen bond donor 
and acceptor interaction of mefloquine with Plasmodium falciparum 
histoaspartic protease residues.

B

A
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context of the P. falciparum HAP (PDB ID: 3QVC) and 
the lead compounds.

In the 2D view shown in Figure  4B, we observed 
hydrogen-binding interactions between the carbaldehyde 
oxygen atom of the quinoline core and Phe109, with a bond 
length of 3.51 Å. In addition, the strong fluorine bonds 
formed by the trifluoromethyl groups at position 7 with 
Glu86, Arg91, Lys7, and Ala10 (bond lengths ranging from 
2.98 to 3.58 Å) likely contribute to the potent inhibitory 
interactions of 2-(2-benzoyl-4-methylphenoxy)-8-methyl-
6-(trifluoromethyl) quinoline-3-carbaldehyde (A31) with 
P. falciparum (HAP). Other types of bonds observed in 
the interaction, as depicted in Figure 4B, include alkyl, π-π 
alkyl, π-π stacked, and π alkyl interactions at various bond 
lengths with residues of the protein.

Hydrophobic interactions (Figure 4C) are highly crucial 
for the folding of proteins, especially in keeping the protein 
stable and biologically active through decrease in surface area, 
thereby reducing the undesirable interactions with water[34]. 
Herein, compound A31 exhibits hydrophobic interactions 
with the P. falciparum HAP amino acid residues, especially 

the 2-benzoyl-4-methylphenoxy side of the molecule 
interacting with Leu73, Ile80, Tyr112, Phe111, Trp39, and Ile107.

The interaction of the trifluoromethyl side of the 
quinoline molecule with Glu86, Arg91, Lys7, and Ala10 
exhibits a distinct hydrophilic nature, attributed to the 
electronegative character of the fluorine atom. Solvent 
accessibility plays a significant role in protein folding and 
stability[35]. In Figure 4C, the solvent accessibility surface is 
represented by the blue region, indicating a large surface 
area. This suggests that compound A31 has a favorable 
interaction with the binding pocket of the HAP protein, 
potentially leading to enhanced binding and stability.

Similarly, the 3D structure of compound A5 is shown 
in Figure 7A with binding energy of −11.2 kcal/mol. The 
absence of hydrogen bond does not reduce its efficacy as 
HAP inhibitor due to other interactions such as π-cation (π 
electrons of the quinoline core and the amino hydrogen of 
the side chain of Lys7), alkyl and π-alkyl (ligand and amino 
acid residues such as Val120, Leu73, Tyr410, Leu73, Ile80, 
Ile107, and Pro110), and π-π stacked and π-π T-shaped 
(compound A5 and Phe111, Phe109, His32, and Trp39) all 
contributed to its high binding energy (Figure 7B).

Figure  8B. (A and B) 2D diagram of the bond length and interacting 
residues of Plasmodium falciparum histoaspartic protease with mefloquine.

B

A

Figure 8C. (A and B) Hydrophobic/hydrophilic and solvent accessibility 
surface interaction of mefloquine with Plasmodium falciparum histoaspartic 
protease residues.

B

A
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Figure  7C reveals that compound A5 exhibits notable 
hydrophobic interactions with all observed binding residues, 
except for Lys7. This observation suggests that compound 
A5 may possess favorable water–lipid interface transport 
properties, facilitating its movement across the cell membrane 
of the Pf HAP protein. In addition, the quinoline core of 
compound A5 demonstrates improved solvent accessibility, 
indicating a more open conformation. This conformation 
may promote easier interaction with the reactive sites of the 
target residues, as suggested by Gromiha and Ahmad[36].

The binding interactions between the best reference 
drug, mefloquine, and the residues of P. falciparum HAP 
(Figures  8A and 8B) indicate that the trifluoro groups 
attached to position 6 in compound A31 and position 8 in 
mefloquine play a role in their enhanced activity. However, 
unlike compound A31, mefloquine does not exhibit any 
hydrogen-bonding interactions, which could potentially 
contribute to its lower binding energy.

Similarly, the solvent accessibility surface interaction 
of compound A31 is greater than that of mefloquine, 
as indicated in Figure  8C, indicating a more favorable 
interaction within the binding pocket of the HAP protein.

4. Conclusion
In this study, we conducted toxicity profile tests to evaluate 
the synthesized compound 5 and fifty hypothetical 
compounds A1–A50 for their drug-likeness. The aim 
was to identify lead drug candidates that can overcome 
resistance to current standard reference antimalarial 
drugs. Among the hypothetical compounds, nine showed 
no toxicity to human cells.

Compounds A5 and A31 exhibited high bioactivity 
as kinase inhibitors, nuclear receptor ligands, and 
glycoprotein receptors GPCR. In addition, compound A5 
acted as an enzyme inhibitor, capable of binding to other 
available sites on the HAP enzyme. It is hypothesized 
that the interaction of ligands at the active site of HAP, 
specifically the aspartate (Asp215) and histidine (His32) 
residues, can be treated as therapeutic targets, due to 
their importance for parasite growth and virulence, for 
developing effective inhibitors.

Interestingly, compound A31, with a binding energy of 
−11.3 kcal/mol, did not show any evidence of interaction 
with Asp215 or His32. However, compound A5, with a 
binding energy of −11.2 kcal/mol, exhibited π-π stacking 
interactions with His32. The best-performing reference 
drug, mefloquine, also did not show any interaction with 
Asp215 or His32.

Furthermore, compound A5 displayed significant 
hydrophobic interactions with all observed binding residues, 

except Lys7. This suggests that it has good water–lipid 
interface transport properties within the cell membrane 
of the Pf HAP protein. In addition, the quinoline core of 
compound A5 had better solvent accessibility, indicating 
a more open conformation that facilitates binding with 
reactive sites on the target residues. Based on our study 
findings, compound A5 shows promise as a potential 
candidate for developing drugs against antimalarial diseases.
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Abstract
The current drugs available in the market are not effective due to growing numbers 
of resistance to the causative agent of malaria. There are various Plasmodium 
parasites, of which Plasmodium falciparum is the main cause of morbidity and 
mortality reported worldwide. Therefore, there is an urgent need to come up with an 
innovative and effective treatment for this disease. Polyamines play a major role in 
the parasite’s well-being and growth, while heat shock proteins keep the proteomics 
of the parasite in good shape. In this study, an in silico analysis of the interaction 
between putrescine, spermidine, spermine, and heat shock proteins was carried out 
to establish the binding site for drug discovery. Computational tools such as Bioedit, 
PROCHECK, KNIME Hub, and Schrodinger were used. The results revealed interactions 
between polyamines and heat shock proteins with glutamine and aspartic acid 
being common amino acids where interaction occurs between the chaperones and 
polyamines. Molecular dynamics showed a strong interaction between PfHsp70-1 
and putrescine, but the best interaction is observed for PfHsp70-1 and spermidine. 
Based on these results, a follow-up study will be conducted to establish the synthesis 
of drugs that will be used as targets for both polyamines and heat shock proteins to 
eradicate malaria.

Keywords: Malaria; In silico; Putrescine; Spermidine; Spermine; Heat shock proteins; Multi-
drug development

1. Introduction
Malaria is a mosquito-borne disease, it is one of the most predominant parasitic diseases 
that threaten human life. Malaria affects about half of the world’s population. Most 
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deaths occur in Sub-Saharan Africa and high-risk areas 
such as South-east Asia, the Eastern Mediterranean, the 
Western Pacific, and the Americas[1]. In 2019, the World 
Health Organization (WHO) reported approximately 229 
million cases and 409,000 malarial deaths. Sub-Saharan 
Africa accounted for 94% of these deaths[2]. This parasitic 
disease is transmitted to humans by female Anopheles 
mosquitoes. Of more than 430 Anopheles species known to 
exist, approximately 40 can transmit malaria. In humans, 
five Plasmodium species are causative agents of malaria 
infection: Plasmodium falciparum, Plasmodium vivax, 
Plasmodium ovale, Plasmodium malariae, and Plasmodium 
knowlesi.

P. falciparum is the most common malaria parasite as 
it accounts for over 99% of malaria cases in Africa, 71.9% 
in the West Pacific region, 69% in the Mediterranean, and 
62.8% in South-east Asia[2]. The most vulnerable groups at 
risk of contracting malaria include pregnant women and 
children under the age of 5, with 67% of malaria death cases 
being children under the age of 5[1]. Malaria mostly affects 
developing tropical and subtropical countries. In these 
countries, outcomes of malaria include loss of education 
for children, and adults not being able to provide for their 
families due to physical and intellectual distress caused by 
cerebral damage. The disease results in financial burdens 
for both the government and individuals. The WHO 
reported that in Africa, direct costs of malaria sum up to 
approximately US$12 million annually, while households 
spend a quarter of their income on treating malaria at home.

The drug of choice for treating malaria is determined by 
several variables including age, the severity of the infection, 
baseline immunity, parasite sensitivity, and drug cost and 
availability. In the early 1900s, quinine and its derivatives 
were widely used to treat malaria[3]. Many of these anti-
malarial drugs are no longer in use due to P. falciparum and 
P. vivax resistance against the drugs and undesirable side 
effects from compounds such as mepacrine[3,4]. However, 
some quinine derivatives such as mefloquine are still in 
use in combination with artesunate as binary combination 
drugs[3]. At present, classes of drugs used for malaria 
include artemisinin, antifolates, 4-aminoquinolines, 
8-aminoquinolines aryl-amino alcohols, and antibiotics. 
Artemisinin is the most widely used antimalarial drug 
globally due to its efficacy against all forms of P. falciparum 
strains by inhibiting the parasite’s phosphatidylinositol-
3-kinase during the early ring stage[5] with artemisinin 
combination therapies being recommended to treat both 
complicated and uncomplicated P. falciparum malaria. 
However, gene modification in the Plasmodium parasite 
results in resistance of the parasite to antimalaria drugs as 
the genes that encode target regions mutate, and this raises 

a crucial need for new innovative, and effective antimalarial 
drugs[3,4]. Newly developed drugs should at least be 
able to terminate the parasite growth at any stage, in the 
erythrocytic stage, mosquito stage, and human liver stage[6] 
as a way of changing the usual sequence of drug targets.

Positively charged organic compounds with two or more 
amino groups found in cells of living organisms are referred 
to as polyamines[7], and they play an important part in cell 
division and differentiation of P. falciparum[7,8]. These include 
diamine, putrescine, and triamine spermidine as well as 
tetramine spermine, which are synthesized uniquely by the 
action of S-adenosylmethionine decarboxylase (AdometDC) 
and ornithine decarboxylase (ODC) functioning as a single 
enzyme and spermidine synthase. The absence of spermine 
synthase, in P. falciparum, makes spermidine synthase 
responsible for both spermidine and spermine synthesis[8].

The malaria parasite survives between the mosquito 
host and the human host. During transmission between 
these two hosts, the parasite moves from a poikilothermic 
mosquito to a warm-blooded human, causing severe heat 
shock to the parasite. Thus, heat shock proteins (HSPs) 
play a key role in the adaptation survival of the parasite 
inside the human host[9]. Heat shock proteins, which are 
a part of a large family of molecular chaperones, are well-
known for their function in the refolding, maturation, and 
degradation of proteins[10]. These are divided into small 
heat shock proteins and major heat shock proteins[11,12], of 
which the major ones have a molecular mass of >43 kDa, 
and small heat shock proteins have molecular weights 
of <43 kDa[12]. Small heat shock proteins with molecular 
weights of 15 – 43 kDa are called heat shock protein β and 
are particularly known for their role in protecting cells 
from stress[13].

2. Materials and methods
Supplementary S1 contains a list of online web servers 
used for bioinformatic analyses used in this study.

2.1. Sequence retrieval

Sequences of selected heat shock proteins from Pf3D7 
were retrieved from the PlasmoDB database. This database 
provides substantial Plasmodium spp. genome, proteome, 
and metabolome information. Genomic characteristics of 
the selected heat shock proteins were obtained from the 
National Centre of Biotechnological Information (NCBI) 
database by selecting the gene ID of the selected HSP to 
identify the protein’s gene and chromosomal location.

2.2. Multiple sequence alignment

Protein sequences of Hsp 20, Hsp 40, Hsp 60, Hsp 70-1, 
and Hsp 90 from Escherichia coli and Saccharomyces 
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cerevisiae were retrieved from the NCBI. These sequences 
together with the PfHsps sequences were compiled to a txt 
file using Notepad++ (the HSP sequences were compiled 
separately according to their molecular weight). The 
sequences, together with the P. falciparum sequences, 
were aligned using the Bio-edit tool[14] using ClustalW and 
BLOSSUM62 matrix.

2.3. Homology modeling and structure validation

Phyre2[15], a protein structure prediction database, was 
used to generate 3D model structures using sequences of 
the Pf3D7 selected HSPs under intensive modeling mode. 
The modeled structures were visualized with PyMol. The 
structures were then validated using PROCHECK on the 
online tool PDBSum[16] found on the EBI database.

2.4. Protein preparation for docking and molecular 
dynamics (MD)

All the heat shock proteins (PfHsp20, PfHsp40, PfHsp60, 
PfHsp70-1, and PfHsp90) obtained from homology 
modeling were prepared with the aid of the protein 
preparation wizard provided in Schrodinger 2022-1[17].

2.5. Site mapping

Since the proteins were obtained through homology 
modeling, there were no active sites to work from. Instead 
of making use of a blind docking approach, we made use of 
the SiteMap[18,19], the tool provided in Schrodinger 2022-1. 
The tool allows for the identification of binding sites 
whose size, functionality, and extent of solvent exposure 
meet certain criteria. The OPLS4 force field was used for 
docking, at least 15 site points per reported site, a more 
limited definition of hydrophobicity, a fine grid, crop site 
maps at four from the nearest site point, and reporting up 
to five sites were all necessary for this study.

2.6. Molecular docking

All ligands were obtained directly from PubChem. Due to 
the size of the ligand library, we decided to make use of the 
QM Conformer and Tautomer Predictor[20] instead of using 
the conventional ligand preparation of Schrodinger[21,22]. This 
was done to ensure that we end up with quantum mechanical-
based minimum energy conformers before docking to the 
active site of the proteins of interest[23]. The method generates 
the lowest energy tautomers or conformers for a set of 
structures with optional protonation or deprotonation. Due 
to the computational cost of this method, it is advised that 
this only be applied to small datasets[23].

2.7. MD

MD simulations were conducted with the aid of Desmond[24]. 
The free protein structures as well as those complexed to 

Put, Spd, and Spn were prepared using the TIP4P solvent 
model, 15 Å3 Orthorhombic boxes, OPLS4 force field, 
and each system were neutralized with an appropriate 
number of Na+ or Cl-  counterions (Supplementary S2). 
A 0.15 M NaCl solution was created to mimic physiological 
conditions. All MD simulations were done with the NPT 
ensemble at a temperature of 300 K and pressure of 1.01325 
bar. Due to wall time limitations on the high-performance 
computer being used for the simulations, we had to run the 
MD in steps of 50 ns for HSP20, HSP40, and HSP60, 30 
ns for HSP70-1, and 25 ns for HSP90. On completion of 
the simulations, the various intervals were combined into a 
single 200 ns trajectory for analysis.

3. Results and discussion
3.1. Sequence retrieval and genomic analysis

Genomic analysis showed that HSP20 and HSP70-1 
are located on the same chromosome (chromosome  8), 
while HSP40 is located on chromosome 13, HSP60 
on chromosome 10, and HSP90 on chromosome 7 
(Supplementary S3). The bioinformatics analysis of Pf3D7 
heat shock proteins showed that these major HSPs have a 
few exons and introns in them, with HSP40 and HSP70 
having 1 exon and no introns, HSP60 and HSP90 having 2 
exons and 1 intron, and HSP20 having 3 exons and 1 intron.

3.2. Multiple sequence alignments of PfHsps and 
their homologs

All the heat shock proteins were aligned with S. cerevisiae and 
E. coli (Supplementary S4) in BioEdit. The similarity index 
between P. falciparum and E. coli was HSP20, HSP40, HSP60, 
HSP70, and HSP 90 at 20.63%, 19.34%, 67.41%, 58.30%, and 
54.15%, respectively. While the similarity index between 
P. falciparum and S. cerevisiae HSP40, HSP60, HSP70, and 
HSP90 was higher at 32.90%, 71.92%, 79.32%, and, 75.70%, 
respectively, except for HSP20 which was 12.61%. This is due 
to S. cerevisiae’s small HSP (HSP20 family) being present as 
HSP26, a 26 kDa protein instead of 20 kDa.

3.3. Homology modeling and structure validation

All PDB structures (Figure 1) were generated from Phyre2. 
The projected structure of PfHSP20 comprises two sheets, 
four beta hairpins, seven strands, six helices, 15 beta 
turns, and six gamma turns, according to motif analysis. 
This demonstrated that the created structure was suitable 
for further investigation. The 3D structure of PfHSP40 
reveals that the protein has five helices, nine helix-helix 
interactions, and two beta twists. The Ramachandran plot 
revealed that all of the residues were in core areas. As a 
result, the structure merits additional investigation. The 3D 
structure of HSP60 revealed five sheets, two beta-alpha-beta 

https://doi.org/10.36922/itps.1228


PfHSP and polyamines interactions

Volume 7 Issue 1 (2024)	 4� https://doi.org/10.36922/itps.1228

INNOSC Theranostics and 
Pharmacological Sciences

units, three beta hairpins, one psi loop, two beta bulges, 17 
strands, 27 helices, 36 helix-helix interactions, 25 beta turns, 
and five gamma turns. According to the Ramachandran plot 
data, this structure included 95.8% of the residues in the 
most desired areas, 3.9% of the residues in allowed regions, 
and 0.4% of the residues in the generously allowed regions. 
The motif description of PfHSP70’s 3D structure is the same 
as that of PfHSP60. The plot of PfHSP70 Ramachandran 
indicated that 92.0% of the amino acid residues are in 
the core areas, 7.3% are in allowed regions, 0.5% are in 
generously allowed regions, and 0.2% are in banned regions. 
The generated PfHSP90 structure has one sheet, four beta 
hairpins, two beta bulges, nine strands, nine helices, 15 
helix-helix interacts, 13 beta turns, and two gamma turns, 
with the Ramachandran plot indicating that 92.4% of the 
residues are in core regions and 7.6% are in allowed regions.

3.4. Docking sites identified in the heat shock 
proteins

The heat shock proteins’ 3D models were modeled using 
Phyre2[15] and these were used to identify possible binding 

Figure 1. Three-dimensional structures of Plasmodium falciparum 3D7 
(A) HSP20, (B) HSP40, (C) HSP60, (D) HSP70, and (E) HSP90 in cartoon 
format as visualized on PyMol.
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Figure 2. Active site identification of (A) HSP20, (B) HSP40, (C) HSP60, (D) HSP70, and (E) HSP90 identified through SiteMap. Site scores are given in 
brackets.
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sites. Active sites were identified by making use of the 
Sitemap tool[18] provided within the Schrodinger software 
suite. For a site to be considered a good potential docking 
site the following needs to hold true, site score > 1, d score 
> 1, and a volume >  225. Based on the results obtained 
(Supplementary S5), those sites provided in Figure 2 were 
the ones chosen for docking as they obeyed the criterion 
specified. This approach was chosen as opposed to blind 
docking since it was computationally more appealing and 
has been shown to provide good estimates for active site 
identification[6,7].

3.5. Molecular docking

Those ligand conformations that provided the lowest 
docking scores after being bound to the active sites of the 
heat shock proteins are provided in Table 1.

In the case of Put, the docking scores appear to drop as the 
protein structure increases in size. This could be due to the 
binding pocket getting larger as the proteins get bigger and 
since Put is a small ligand, it can fit better within the active 
site. For Spd, the lowest docking score (–8.18 kcal/mol) 
is obtained when the ligand is bound to HSP40, while for 
Spn, the lowest docking score (–8.66 kcal/mol) is obtained 
for HSP60. Figures  3–5 provide the ligand interaction 
diagrams for the different ligands bound to the active sites 
of the heat shock proteins considered in this work.

A summary of all the hydrogen bond interactions and salt 
bridges formed between the ligand and amino acid residues 
contained within the active site of the proteins is provided in 
Table 2. For HSP20, the amino acid Asp89 has a hydrogen 
bond that takes place between all three ligands, while Glu91 

Table 1. Docking scores of putrescine, spermidine, and 
spermine bound to the active site of heat shock proteins

Ligand 
name

CID HSP20 HSP40 HSP60 HSP70 HSP90

Putrescine 3452892 −3.19 −5.41 −5.95 −6.63 −6.68

Spermidine 6992097 −4.54 −8.18 −7.34 −7.99 −6.19

Spermine 446718 −3.07 −5.86 −8.66 −4.41 −4.76

Figure 3. Ligand interaction diagram of (A) HSP20, (B) HSP40, (C) HSP60, (D) HSP70, and (E) HSP90 bound to Put.
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has a hydrogen bond present for ligands Put and Spd. Asp24 
shows a hydrogen bond between Spd and Spn. It is this 
combination of salt bridges and hydrogen bond interactions 
that adds to the protein-ligand complex stability.

3.6. MD

Before we investigated the results obtained for the various HSP 
complexes, we first needed to make sure that the environment 
chosen for our MD studies was appropriate. Figure 6 shows 
the root mean square deviation (RMSD) results obtained for 
200 ns simulations of (A) HSP20, (B) HSP40, (C) HSP60, (D) 
HSP70, and (E) HSP90 when there were no ligands present 
within the active site of the proteins.

The RMSD is used for measuring the changes that take place 
in the protein while present in a solvated environment[25]. 
A  protein’s stability can be determined by the deviations 

produced during the MD simulation. Figure 6 does show 
that PfHsp20, PfHsp40, and PfHsp70 stabilize within the 
200 ns, but PfHsp60 and PfHsp90 appeared to have some 
excess fluctuations towards the end of the 200 ns. Although 
this was the case, it was decided that we would make use 
of a maximum of 200 ns for the protein-ligand complex 
simulations due to the limited resources that we had access 
to at the high-performance computing center.

MD simulations of the Hsps with the polyamines 
showed that putrescine best binds to PfHsp60 and PfHsp70 
(Figure 7) compared to the other Hsps. Put seems to remain 
strongly bound to the active site of PfHsp60 for around 125 
ns before the ligand begins to drift away from the active 
site, reaching distances of up to 14 Å from the starting 
structure (Figure 7A). For ligands to be considered good 
inhibitors, they need to remain bound to the active site for 

Figure 4. Ligand interaction diagram of (A) HSP20, (B) HSP40, (C) HSP60, (D) HSP70, and (E) HSP90 bound to Spd.

D

CBA

E

https://doi.org/10.36922/itps.1228


PfHSP and polyamines interactions

Volume 7 Issue 1 (2024)	 7� https://doi.org/10.36922/itps.1228

INNOSC Theranostics and 
Pharmacological Sciences

longer periods. From the RMSD provided in Figure  7A, 
we can see that a conformation change in the protein 
structure results in the ligand leaving the protein’s active 
site. However, for PfHsp70 (Figure  7B), the ligand Put 
does have the potential to be a ligand that can bind to the 
protein for the entire 200 ns timeframe as we see the highest 
deviation that the ligand has from its starting structure is 
about 6.0 Å, which takes place around 100 – 120 ns. With 
that said 6.0 Å is not exactly a small deviation from the 
active site so this might be a weak binding ligand should it 

possess the ability to bind to the active site. As was the case 
for PfHsp60, changes in the conformation of PfHsp70 are 
what bring about the changes found in the ligand, when 
the protein RMSD goes up then so too does the ligand 
RMSD and vice versa.

Spd and Spn were only observed to stay bound to 
PfHsp70 for longer compared to the other Hsps tested. For 
PfHsp70-Spd (Figure  7C), the ligand does appear to be 
bound to the active site of the protein for the duration of 
the MD simulation with the largest difference for the ligand 

Figure 5. Ligand interaction diagram of (A) HSP20, (B) HSP40, (C) HSP60, (D) HSP70, and (E) HSP90 bound to Spn.
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Table 2. Amino acid residue interactions obtained from the ligand interaction diagrams

Ligand HSP20 HSP40 HSP60 HSP70 HSP90

H-bond S-bridge H-bond S-bridge H-bond S-bridge H-bond S-bridge H-bond S-bridge

Putrescine Ile23
Asp89
Glu91

Asp89
Glu91

Glu11 His31 
Pro130 
Lys134

Glu11 Gly115 
Asp116 
Asp428

Asp116
Asp428

Asp21
Glu187
Asp211
Asp218

Asp21 Glu187
Asp211
Asp218

Glu33 Asn37 
Asp40 Ile117

Glu33 
Asp40

Spermidine Asp24 
Glu86 
Asp89 
Glu91

Asp24 
Asp89 
Glu91

Asn46 Asp65 
Glu79

Asp65 
Glu79

Asp116 
Asp526

Asp116 
Asp526

Asp21 
Glu187 
Asp211 
Asp218 
Asp379

Asp21 Glu187 
Asp211 Asp218

Asn37 Asp40 
Asn92 Thr95 
Arg98 Ser99

Asp40

Spermine Asp24 
Asp89

Asp24 
Asp89 
Glu91

Asn46 Asp65 
Val77 Glu78

Asp65 
Glu79

Asp116 
Asp428 
Asp526

Asp116 
Asp428 
Asp526

Asp21 
Glu187 
Asp246

Asp21 Glu187
Asp211 Glu243 
Asp246 Glu281

Glu33 Asn37 
Asp40 Thr95 
Arg98 Gly121

Glu33 
Asp40

being 5.5 Å from its starting structure. When compared to 
the PfHsp70-Put complex (difference of 6 Å), it does seem 
to indicate that Spd is a better binder when compared to 

Put. The PfHsp70-Spn (Figure  7D) seems to show weak 
binding as the ligand fluctuations appear to reach up to 
7.5 Å in this case.

Figure 6. Root mean square deviation of alpha carbon backbone for free (A) PfHsp20sp, (B) PfHsp40, (C) PfHsp60, (D) PfHsp70, and (E) PfHsp90 during 
200 ns molecular dynamics simulation.
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4. Conclusions
Malaria is a major cause of death in many parts of the world, 
especially in Sub-Saharan Africa. The current treatment 
available in the market is not effective, due to the ever-
changing parasite genome which then becomes resistant to 
the current drugs available in the market. Therefore, urgent 
alternative treatment for malaria is required[26,27]. This study 
focused on three important polyamines namely: Putrescine, 
spermidine, and spermine to establish the interaction 
with selected heat shock proteins. The interesting part 
we observed from this study was that all the focused 
polyamines were able to interact with selected heat shock 
proteins. However, the interesting part shown by the MD 
was that the bigger the molecular chaperones the longer 
they interact with some polyamines. This interaction that 
we observed between polyamines and heat shock proteins is 
a start toward the development of an alternative treatment 
for malaria. We will make follow-up studies based on the 
information; we got from this present study.

The emanation and spread of Plasmodium parasites 
that are resistant to antimalarial therapy is one of the 
main problems in the treatment of malaria. This is a result 
of the Plasmodium parasite’s ongoing evolution and the 
creation of novel strategies for surviving drug toxicity. 
Studies of antimalarial drug development have been 
focused on polyamine biosynthesis by targeting precursors 
such as ornithine decarboxylase, adenosylmethionine 
decarboxylase, and spermidine synthase and protein-

protein interactions between Plasmodium falciparum 
chaperones spotting out Hsp90, Hsp70, and Hsp40 as 
potential targets with little attention being paid to the 
interaction between polyamines and molecular chaperones. 
Therefore, to study these interactions, the binding sites 
of all 3D structures were identified using SiteMap, and 
docking was performed using the Schrödinger software 
with OPLS4 force field and XP.1.
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Abstract
Immunomodulation constitutes a crucial part of individual organisms’ defense 
systems. Moreover, the utilization of plant-based natural products as herbal medicine 
for immunomodulation has garnered significant interest. Herein, we examined 
the immunomodulatory potentials of active phytocompounds extracted from 
Withania somnifera and Aloe barbadensis by employing ADMET screening, network 
pharmacology, and molecular docking techniques. This study follows the paradigm in 
drug discovery, which has shifted from a “one-target, one-drug” mode to a “network-
target, multiple-component-therapeutics” mode. Phyto compounds sourced from W. 
somnifera and A. barbadensis were mined from online databases, including Dr. Duke’s 
Phytochemical Ethnobotanical Database. After screening these active compounds, 
their potential targets were predicted through in silico ADMET property prediction 
models. Network pharmacology was utilized to establish a “compound-protein/
gene-disease” network and reveal the regulatory mechanism of small molecules in 
a high-throughput manner through STRING, Cytohubba plugin in Cytoscape, and 
the g: Profiler software. A molecular docking simulation was performed to examine 
the binding affinity between the selected hub targets and bioactives. The findings 
showed that phytocompounds derived from the W. somnifera and A. barbadensis 
exhibit immunomodulatory effects by inhibiting specific protein targets, notably 
AKT1, HCK, JAK2, PDPK1, KIT, and IL2. Molecular docking analysis further revealed 
the potential of withanolide G, somniferine, and somniferanolide as promising 
immunomodulatory compounds against HCK, JAK2, and PDPK1 proteins, which 
are involved in multiple myeloma pathways, encompassing the PI3K-Akt signaling 
pathway, NOD-like receptor signaling pathway, and Toll-like receptor signaling 
pathway. In conclusion, these compounds are recommended for further in vivo and 
in vitro investigations to ascertain their potential as treatments for multiple myeloma.

Keywords: Immunomodulation; Withania somnifera; Aloe barbadensis; Phytocompounds; 
Multiple myeloma; Network pharmacology

1. Introduction
The human body is protected by various non-specific defense mechanisms against 
infections and intruders, notably pathogens. On breaching the mucosal surface barrier, 
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these pathogens encounter two further lines of defense: 
The innate and acquired immune responses. This robust 
host defense is adequate to safeguard us against immune-
related illnesses and pathogenic invaders, facilitated 
by the efficient interplay between innate and acquired 
immunity[1]. In addition, there are alternative avenues 
for modulating immune responses, including naturally 
occurring or synthesized compounds capable of modifying 
these pathways[2].

Natural compounds are a common foundation for the 
development of therapeutic treatments. In the last four 
decades, around a quarter of all approved medications 
(excluding biologicals) were derived from natural sources, 
and another quarter was found in the environment, often 
by exploiting the pharmacophore of these molecules[3]. 
Among these, plant-derived immunomodulators are 
a fascinating subject of study, offering a multitude of 
potential avenues[4]. For this study, our focus rests on 
Withania somnifera and Aloe barbadensis as the pivotal 
therapeutic plant candidates for in silico analysis.

W. somnifera (also known as Ashwagandha) is a 
biologically active plant that boasts an extensive spectrum 
of medicinal compounds, including steroidal lactones 
(withanolides), sitoindosides, and numerous other 
beneficial steroidal alkaloids, that have been used for 
ages to treat a variety of ailments[5]. On the other hand, A. 
barbadensis Miller is a perennial, xerophytic, succulent, 
and shrubby or arborescent plant in the Asphodelaceae 
(Liliaceae) family with a pea-green tint. It is primarily 
found in arid regions across Africa, Asia, Europe, and 
North America[6]. Both W. somnifera and A. barbadensis 
have found use as aphrodisiacs, analgesics, liver tonics, 
diuretics, hypocholesterolemic agents, anxiolytics, 
antidepressants, immunomodulatory substances, and anti-
inflammatory agents[5,7].

Multiple myeloma, a hematopoietic malignancy, 
constitutes approximately 10% of all hematologic 
malignancies. Until the 2000s, limited success and 
advancements were observed, and achieving protracted 
survival was unlikely. This malignancy follows a 
multistep process, originating as a clonal plasma cell 
cancer[8]. The premalignant stage, termed monoclonal 
gammopathy of unknown significance, often serves 
as the initial indicator, heralding the onset of multiple 
myeloma. This is succeeded by asymptomatic smoldering 
multiple myeloma and eventually active multiple 
myeloma[9]. The immune system progressively weakens 
as the disease evolves. To enhance treatment outcomes, 
immunomodulatory drugs (IMiDs), proteasome 
inhibitors (PI), and monoclonal antibodies have been 
introduced, ushering in an era of improved therapeutic 

experiences, with immunomodulation exhibiting some 
level of anti-multiple myeloma efficacy[10].

Computational (in silico) approaches are commonly used 
in drug development. The notable advantage of employing 
in silico approaches lies in their ability to rapidly predict 
outcomes for a vast array of phytochemicals offering high-
throughput predictions. In addition, they are able to predict 
therapeutically relevant molecules based on chemical 
structures even before their physical synthesis. As a result, 
in silico approaches find early application in the drug 
development process, particularly for compounds intended 
for synthesis. This proves especially important when there 
lacks an existing drug molecule with curative effects against 
a human disease. Incorporating computational approaches 
at the outset also helps reduce the risk of false positives, 
which could otherwise result in a high attrition rate during 
the later phases of drug development[11].

One of the key aspects of computational studies is 
network pharmacology. Through the integration of 
bioinformatics, cheminformatics, and network biology, 
network pharmacology has emerged as a dominating 
approach for elucidating the complicated pharmaceutical 
mechanism of action associated with the bioactive 
constituents found within diverse herbs and their 
pairings[12]. Network pharmacology operates as an efficient 
tool to construct a “compound-protein/gene-disease” 
network, shedding light on the regulatory principles 
orchestrated by small molecules in a high-throughput 
manner[13]. Moreover, network pharmacology delves into 
the impact of plant bioactive constituents on both the 
organism’s interactome and the diseasome levels[14].

In this study, a pharmacology network was used to 
deduce the potential curative benefits and pharmacology 
activities of the active phytocompounds sourced from two 
herbal plants, W. somnifera and A. barbadensis. In silico 
docking was also utilized to analyze their binding affinities 
at the diseasome level, with a specific focus on multiple 
myeloma.

2. Materials and methods
The network pharmacology approach was implemented, 
adhering to a sequence of essential procedural stages. All 
information relating to bioactives, their targets, immune 
gene targets, immune system pathways (I-PW), protein-
protein interactions (PPi), gene targets relevant to multiple 
myeloma, the interplay between bioactives and immune 
targets for multiple myeloma and I-PW-associated 
interacting proteins (IA-IP) was derived from different 
knowledge bases (databases). The focal health condition 
under investigation throughout this study was multiple 
myeloma.
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2.1. Chemical composition of each herbal plant

An exhaustive literature search was conducted for each 
herbal remedy, aiming to capture all available information 
regarding their constituents. The compound composition 
of these plants was further extracted from Dr.  Duke’s 
Phytochemical Database (https://phytochem.nal.usda.
gov/) and the Indian Medicinal Plants, Phytochemistry, 
and Therapeutics (IMPPAT) (https://cb.imsc.res.in/
imppat/)[15]. Structure files of molecules, provided in mol 
format, were retrieved from PubChem[16] and ChEMBL[17], 
including their canonical SMILES.

2.2. Screening of potential active phytocompounds

The attributes of absorption, distribution, metabolism, 
and excretion (ADME) were recognized as pivotal 
indicators of herb or potential medication potency. 
To unveil the possible bioactive components within 
each of the two herbal plants, three ADME-related 
models were used, including the evaluation of oral 
bioavailability (OB) and drug-likeness (DL). The 
technique also includes the identification and inclusion 
of the main components present within the plants[17]. 
OB refers to the percentage of an orally administered 
dose of a medication that enters the systemic circulation 
unaltered. High OB is frequently indicative of bioactive 
compounds possessing drug-like properties suitable for 
medicinal applications[18]. DL is a qualitative concept 
employed in drug design to gauge the “drug-likeness” 
of a prospective product. This assessment aids in 
the optimization of pharmacokinetic and medicinal 
characteristics, including solubility and chemical 
stability. Typically, variables such as OB ≤30 – 33% and/
or DL ≤0.1 are widely adopted criteria[19].

The ADMET profiles of all potential substances were 
estimated using SwissADME and AdmetSar 2.0. In 
addition, the DL score was estimated based on “Lipinski’s 
Rule of Five” parameters (molecular weight, Log P, 
hydrogen bond donors, and hydrogen bond acceptors) 
using the Molinspiration online web server[20,21].

2.3. Targets of the bioactives

Target genes/proteins in humans that interact with active 
phytochemical substances from two herbal plants were 
investigated using the Similarity Ensemble Approach 
(SEA)[22], SwissTargetPrediction[23], and PharmMapper[24].

Data for each protein, including its standard protein 
name, gene ID and organism (set to Homo sapiens), were 
derived from UniProt[25] (“UniProt: a hub for protein 
information,” 2014) using the UniProt ID provided in 
BindingDB.

2.4. Related targets in the immune system and the 
involved pathways

Related targets in the immune system were searched 
using the innate immune database[25]. Subsequently, the 
STRING database and the pathway database were utilized 
to determine the different pathways associated with 
the immune system. The I-PW were then evaluated and 
analyzed.

Moreover, the STRING database was used to identify 
the interacting partners of these bioactive targets searched 
in the KEGG pathway to find IA-IP.

2.5. Targets of multiple myeloma and control drugs

The multiple myeloma-associated human genes/proteins 
were obtained from two different databases: GeneCards[26] 
and DisGeNET[27]. The search query employed the specific 
term “multiple myeloma,” with the search parameters 
confined to the species “Homo sapiens.” The targets of 
control IMiDs (Lenalidomide and Thalidomide) were also 
retrieved from GeneCards and Disgenet, subsequently 
overlapping with the targets of the identified bioactives.

2.6. PPi

The overlap of related gene targets of the bioactives and 
the immune system was regarded as the bioactives’ 
immune targets at the interactome level. Similarly, the 
overlap of related gene targets of the bioactives’ immune 
targets and multiple myeloma was regarded as bioactive-
multiple myeloma’s immune gene targets at the diseasome 
level. These interactions were obtained using Venny 
2.0[28]. Subsequently, the STRING database was employed 
to identify the possible inter-protein interactions[29]. 
This database compiles both established and predicted 
PPi. STRING uses five sources to uncover relationships 
within the database: genomic context predictions, high-
throughput lab trials, co-expression, automated text 
mining, and existing database information. Several 
variables for STRING-based PPi identification can be 
used to ensure the reliability of the generated data. These 
variables include interactions derived exclusively from 
high-throughput laboratory experiments, a minimum 
required interaction score of 0.7 (a high confidence score 
according to STRING), and the highest score of interactors.

2.7. Network construction

A network is a diagrammatic representation that depicts 
the interactions between numerous components known as 
nodes. These nodes are interconnected by edges, which are 
lines that connect them. In this study, the nodes encompass 
the herbal plants under investigation, the bioactives 
within these herbal plants, the bioactives’ targets, and the 

https://doi.org/10.36922/itps.1076


Plants immunoactivity: In silico study

Volume 7 Issue 1 (2024)	 4� https://doi.org/10.36922/itps.1076

INNOSC Theranostics and 
Pharmacological Sciences

I-PWs associated with these targets. Furthermore, the 
nodes include the connection between bioactive-multiple 
myeloma’s immune targets.

The bioactive-immune target (compound-target 
[C-T]) (interactome level) and the bioactive-multiple 
myeloma’s immune gene target (diseasome level) networks 
were constructed by linking the active compounds and 
their corresponding targets, and the active compounds, 
their immune targets and their corresponding multiple 
myeloma targets, respectively. In addition, the bioactive-
multiple myeloma’s immune targets-pathway (compound-
target-pathway [C-T-P]) network was built by linking 
the bioactive-multiple myeloma’s immune targets with 
relevant signaling pathways.

These networks were constructed and visualized using 
Cytoscape 3.2.1, an open-source Java-based software 
platform designed for visualizing complex networks 
and integrating them with diverse attribute data[30]. 
Furthermore, the Cytoscape network analyzer tool 
facilitated network analysis.

In these networks, nodes represent active phytochemical 
compounds derived from the herbal plant, targets, or 
signaling pathways, while edges signify the interactions 
between the nodes[31]. The degree of a node corresponds 
to the number of connections it maintains to other nodes 
within the network[32].

2.8. Functional enrichment analysis (gene ontology 
[GO]) at the interactome and diseasome levels

The functional enrichment analysis of the bioactives’ 
immune targets (interactome level) and also the analysis 
of the bioactive-multiple myeloma’s immune gene targets 
(diseasome level) was conducted using two tools: These 
tools are robust online server-based platforms specialized 
in functional STRING and g: Profiler profiling of gene or 
protein sets. To identify the immune pathways and other 
interacting pathways involving the bioactives, the KEGG 
database was employed. The GO process involves the 
identification of biological processes, molecular functions, 
and cellular compartments associated with these gene sets. 
It also provided estimations of the degree of enrichment of 
these gene sets in each of the three different categories[33]. 
This comprehensive analysis aimed to identify the 
plants’ target-immune pathways, as well as their relevant 
interacting pathways on the interactome level and also on 
the diseasome level (which concerns multiple myeloma)[34].

2.9. Molecular docking simulation

The molecular docking simulation of the hub genes (core 
genes) and their corresponding bioactive components was 
performed using PyRx software[35], an application that 

allows for interactively visualizing and analyzing molecular 
structures and data. To begin, we downloaded the 3D 
structures of chemicals and proteins from Pubchem and 
the Protein Data Bank (PDB)[31], respectively. Subsequently, 
using the Discovery Studio[36] and the Dock Prep plugin 
(in the Chimera program), the structures of proteins and 
bioactives were prepared for the docking process. This 
encompassed replacing missing side chains, as well as 
adding hydrogens and charges, all integral to the preparation 
process. Furthermore, the molecular docking was carried 
out utilizing the PyRx software and the AutoDock Vina 
plugin[37]. Finally, the Discovery Studio and Ligplot+ were 
used to visually present 3D and docking models[38].

3. Results
3.1. Chemical composition of each herbal plant

After eliminating duplicates, a total of 67 compounds were 
identified in W. somnifera, and a total of 159 compounds 
were identified in A. barbadensis, resulting in a combined 
count of 226 compounds.

3.2. Screening of potential active compounds/
ingredients

All 226 compounds underwent ADMET and drug-
likeness screenings. Among these, 19 bioactives were 
sourced from A. barbadensis, and 18 bioactives were 
sourced from W. somnifera. These bioactives include 
the major constituents of each plant, even though some 
did not meet the inclusion criteria. Consequently, 36 
compounds were selected as phytocompounds for further 
analysis (Table 1).

3.3. Targets of the bioactives

Active phytocompounds in A. barbadensis bioactives 
predicted a total of 590 targets, while W. somnifera 
bioactives indicated 684 targets. Using Swiss Target 
Prediction and Pharmmapper, a total of 820 targets 
emerged after all duplicates were removed.

3.4. Related targets in the immune system and the 
involved pathways

A total of 1378 immune genes were identified from the 
innate immune database. An overlap between these 
immune gene targets and the bioactives’ targets produced 
a total of 169 bioactive immune targets.

3.5. Targets of multiple myeloma and control drugs

From GeneCards, 3,045 multiple myeloma gene targets 
were retrieved, and Disgenet contributed a further 1740, 
culminating in 1088 gene targets associated with multiple 
myeloma after eliminating duplicates.
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Table 1. The values for the chemical descriptors used in the prediction of potential active compound

Compounds Mol. form. Mol. weight nHBA nHBD OB DL Toxicity

Aloesin* C19H22O9 394.37 9 5 0.55 0.33 III

Aloesol* C13H14O4 234.25 4 2 0.55 0.26 III

Aloin* C21H22O9 418.39 3 9 0.55 0.52 III

Rhein* C15H8O6 284.22 6 3 0.55 0.46 II

Steroids* C22H32O3 344.49 3 0 0.55 1.23 III

Thiamin* C12H17N4OS 265.35 3 2 0.55 0.87 III

Xylose* C5H10O5 150.13 5 4 0.55 0.29 IV

Homonataloin* C22H24O9 432.42 9 6 0.55 0.35 III

Beta sitosterol* C29H50O 414.71 1 1 0.55 0.78 I

Stigmasterol* C29H48O 412.69 1 1 0.55 0.62 I

10‑Hydroxyaloin* C21H22O10 434.39 10 8 0.55 0.86 IV

Casanthranol* C21H22O10 434.39 10 7 0.55 0.61 III

Kampferol* C15H10O6 286.24 6 4 0.55 0.5 II

7‑hydroxyaloin* C21H22O10 434.39 10 8 0.55 0.36 IV

Folic acid* C19H19N7O6 441.4 9 6 0.55 1.09 III

Epicatechin* C15H14O6 290.27 6 5 0.55 0.64 IV

(‑)‑Desoxyaloin* C21H22O8 402.39 8 6 0.55 0.47

L pyroglutamic acid* C5H7NO3 129.11 3 2 0.55 0.3 III

Niacinamide* C6H6N2O 122.12 2 1 0.55 0.37 IV

24‑methyldesmosterol** C28H46O 398.66 1 1 0.55 0.76 II

27‑deoxywithaferin A** C28H38O5 454.6 5 1 0.55 0.29 IV

2,3‑didehydrosomnifericin** C28H40O7 488.61 7 4 0.55 0.52 III

Delta‑7‑alvenasterol** C29H48O 412.69 1 1 0.55 0.25 III

Gugglesterone** C21H28O2 312.45 2 0 0.55 0.72 III

Hydrocortisone** C21H30O5 362.46 5 3 0.55 1.67 III

Sominone** C28H42O5 458.63 5 3 0.55 0.39 III

Somniferanolide** C28H36O6 468.58 6 2 0.55 0.19 I

Somniwithanolide** C28H38O6 470.6 6 3 0.55 0.5 III

Withaferin A** C28H38O6 470.6 6 2 0.55 0.37 I

Withanolide G** C28H38O5 454.6 5 2 0.55 0.5 IV

Withanolide Q** C28H38O6 470.6 6 3 0.55 0.75 III

Quercetin** C15H10O7 302.24 7 5 0.55 0.52 II

Somniferine** C36H36N2O7 608.68 9 2 0.55 1.09 III

Somnifericin** C28H42O7 490.63 7 4 0.55 0.54 III

Dihydrowithaferin A** C28H40O6 472.61 6 2 0.55 0.42 I

Chlorogenic acid** C16H18O9 354.31 9 6 0.55 0.79 III

Notes: *refers to phytocompounds in Aloe barbadensis, while **refers to phytocompounds in Withania somnifera. Toxicity class I to VI ranges from fatal 
if swallowed to non‑toxic.
Abbreviations: Mol. Form: Molecular formula; Mol. weight: Molecular weight; nHBA: Number of hydrogen bond acceptors; nHBD: Number of 
hydrogen bond donors; OB: Oral bioavailability; DL: Drug likeness.  
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The sum of targets for the control IMiDs, Thalidomide 
(20 targets retrieved) and Lenalidomide (28 targets 
retrieved), totaled 48. This set of targets overlapped with 
the bioactives’ immune targets, resulting in a total of 90 
bioactive-multiple myeloma immune gene targets.

3.6. Network-based evaluation of the 
immunomodulatory mechanisms of active 
phytocompounds

To comprehend the “multi-components, multi-target, and 
multi-pathway” immunomodulatory mechanisms of W. 
somnifera and A. barbadensis, a compound-target network 
was constructed. This network linked active phytochemical 
compounds to their corresponding immune targets, 
which were subsequently analyzed. The compound-target 
network for these two herbal plants comprised 205 nodes 
and 1338 edges, encompassing 36 active compounds 
and 169 targets. Among the active phytochemical 
compounds, their categorization was based on degrees 
of connectivity. Notably, withanolide Q (degree = 70), 
2,3-didehydrosomnifericin (degree = 69), steroids (degree = 
65), hydrocortisone (degree = 63), 27-deoxywithaferin A 
(degree = 62), withaferin A (degree  =  61), somniferine 
(degree = 59), withanolide G (degree = 58), somniferanolide 
(degree = 55), Ssominone (degree  = 53), chlorogenic 
acid (degree = 47), somniwithanolide (degree = 47), 
rhein (degree  =  43), gugglesterone (degree = 39), and 
somnifericin (degree = 39) displayed the highest number of 
connections with the immune-related targets. This pattern 
indicated their potential role as primary active compounds 
responsible for the immunomodulatory activity of W. 
somnifera and A. barbadensis. Furthermore, more than 70 
targets demonstrated interactions with two or more active 
phytochemical compounds, demonstrating the multi-
compound, multitarget pharmacological properties of 
these herbal plants.

The STRING database also identified the PPi, forming 
a network comprising 169 nodes and 1,553 edges, with a 
PPi enrichment P-value of <1.0e-16 (Figure 1). This value 
indicates that the interactions among these proteins exceed 
what would be expected in a randomly selected group 
of proteins with equivalent size and degree distribution 
from the genome. This enrichment signifies that these 
proteins are interconnected beyond chance, indicating 
a cohesive physiological relationship among them. 
On delving into the disease-gene association, several 
immune-associated diseases were identified: autoimmune 
lymphoproliferative syndrome, myeloid neoplasm, 
combined immunodeficiency, autoimmune disease of 
the musculoskeletal system, primary immunodeficiency 
disease, autoimmune disease, immune system disease, and 
hematopoietic system disease. A  subset of these targets 

also displayed connections to various immune pathways 
(Table 2), thereby shedding light on the pathways through 
which the bioactives exert their immunomodulatory effects.

3.7. Network-based analysis of active 
phytocompounds’ immunomodulatory potential in 
multiple myeloma

To delve into the network-based analysis of the systems-level 
immunomodulatory properties of the phytocompounds 
present within the herbal plants, a C-T network was 
constructed (Figure  2). This network comprised 99 
nodes and 447 edges, achieved through associating active 
compounds with their corresponding multiple myeloma-
gene targets. The nodes included 37 active compounds, 2 
control drugs, and 60 bioactive-multiple myeloma immune 
gene targets. Targets not involved in KEGG immune 
pathways were excluded.

Within this network, 10 active phytochemical 
compounds, including withanolide Q (degree = 
25), hydrocortisone (degree = 24), somniferine 
(degree  =  22), 2,3-didehrdrosomnifericin (degree = 22), 
27-deoxywithaferin A (degree = 21), steroids (degree = 20), 
withaferin A (degree = 19), withanolide G (degree = 17), 
somniferanolide (degree = 17), and lenalidomide 
(degree  =  16), had the most linkages with multiple 
myeloma-related targets (Figure 2), thereby implying their 
pivotal roles as key phytocompounds responsible for the 
herbal plants’ immunomodulatory efficacy against multiple 
myeloma. Furthermore, 40 targets displayed two or more 
interactions with the active phytocompounds (Figure  2), 
demonstrating herbal medicines’ multi-compound, multi-
target pharmacology.

In the context of the bioactive-multiple myeloma’s 
immune (C-T) network, the hub node target genes were 
identified. Nodes possessing a degree larger than or equal 
to twice the network’s average node degree were classified 
as hubs. Core nodes, in particular, have been demonstrated 
to play an essential role in a wide variety of biological 
processes[39]. Among the multiple myeloma-associated 
targets of the bioactives, several stand out as core gene 
targets with potential roles in the immunomodulatory 
potential of active phytocompounds in herbal plants 
(Figure  3). Specifically, these include alpha serine/
threonine protein kinase 1 (AKT1) (degree = 29), HCK 
proto-oncogene (HCK) (degree = 27), 3-phosphoinositide-
dependent protein kinase 1 (PDPK1) (degree = 26), Janus 
kinase 2 (JAK2) (degree = 26), proto-oncogene c-KIT 
(KIT) (degree = 24), matrix metallopeptidase 9 (MMP9) 
(degree = 23), growth factor receptor bound protein 2 
(GRB2) (degree = 22), interleukin 2 (IL2) (degree = 21), 
Bruton tyrosine kinase (BTK) (degree = 19), and mouse 
double minute 2 homolog (MDM2) (degree = 19).
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Furthermore, a PPi interaction was also carried out 
on the multiple myeloma-related targets of the bioactives, 
leading to the identification of hub targets. This network 
comprised 65 nodes and 554 edges, demonstrating a PPi 
enrichment P-value of <1.0e-16. Among these hub targets, 
key players emerged, including mitogen-activated protein 
kinase 3 (MAPK3), signal transducer and activator of 
transcription 3 (STAT3), alpha serine-threonine protein 
kinase 1 (AKT1), Harvey rat sarcoma virus (HRAS), 

heat-shock protein 90-alpha (HSP90AA1), growth factor 
receptor bound Protein 2 (GRB2), phosphatidylinositol 
3-kinase regulatory subunit alpha (PIK3R1), interleukin 2 
(IL2), and interleukin 6 (IL6).

3.8. Functional enrichment analysis of the active 
phytocompounds immune targets

GO enrichment analysis was used to investigate the 
functional roles of the immunomodulatory-associated 

Figure 1. Diagrammatic representation of the protein-protein interaction (with a confidence score of 0.7 and above) between the different bioactives’ 
immune targets. Round globes indicate each bioactive immune target; the lines show their interactions with one another; round globes without lines 
indicate a confidence interaction score lower than 0.
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Table 2. Depicting all of the bioactives' immune gene targets as well as the immune pathways in which they are involved

KEGG ID IMMUNE PATHWAY GENE (NO) GENE INVOLVED FROM THE LIST
hsa04622 RIG‑I‑like receptor signaling 

pathway
23 NFKBIA, NFKB1, MAPK14, TRAF2, RIPK1, IFNA1, CASP10, CXCL10, TRIM25, 

CASP8, ATG5, CHUK, IFNA2, IFNB1, MAPK8, RELA, CYLD, MAPK9, TNF, 
IKBKB, TRAF6, TRAF3, IKBKG

hsa04666 Fc gamma R‑mediated phagocytosis 20 MAPK1, PIK3R2, RAF1, MAPK3, PIK3CA, FCGR2A, PIK3CB, ARPC5, MAP2K1, 
SPHK1, GAB2, FCGR3A, SYK, PIK3CD, INPP5D, PRKCA, PTPRC, PIK3R1, HCK, 
AKT1

hsa04670 Leukocyte transendothelial 
migration

18 PIK3R2, MAPK14, PIK3CA, ICAM1, PIK3CB, PTPN11, PTK2, CTNNB1, ACTB, 
MMP9, PIK3CD, CXCL12, ITGB1, PTK2B, ITGB2, CXCR4, PRKCA, PIK3R1

hsa04611 Platelet activation 16 MAPK1, PIK3R2, MAPK14, MAPK3, PIK3CA, FCGR2A, PIK3CB, ACTB, PIK3CG, 
SYK, PIK3CD, ITGB1, PIK3R1, AKT1, ITGB3, BTK

hsa04640 Hematopoietic cell lineage 14 CD22, EPOR, KITLG, IL4, IL1A, IL1B, CSF1R, KIT, CD14, CD1D, IL6, TNF, CD19, 
ITGB3

hsa04658 Th1 and Th2 cell differentiation 27 MAPK1, IL2RB, NFKBIA, NFKB1, IL2, IFNG, MAPK14, IL4, MAPK3, NOTCH1, 
STAT5B, IL13, FOS, STAT5A, JAK1, STAT1, CD247, CHUK, JUN, IL2RG, JAK2, 
MAPK8, RUNX3, RELA, MAPK9, IKBKB, IKBKG

hsa04664 Fc epsilon RI signaling pathway 27 MAPK1, PIK3R2, MAPK14, IL4, RAF1, KRAS, MAPK3, PIK3CA, PIK3CB, 
MAP2K1, IL13, PDPK1, GAB2, NRAS, SYK, PIK3CD, GRB2, MAPK8, MAP2K7, 
MAPK9, TNF, INPP5D, HRAS, PRKCA, PIK3R1, AKT1, BTK

hsa04650 Natural killer cell mediated 
cytotoxicity

33 MAPK1, PIK3R2, IFNG, KLRK1, TNFSF10, RAF1, KRAS, MAPK3, PIK3CA, 
ICAM1, IFNAR1, IFNA1, PIK3CB, MAP2K1, PTPN11, CD247, FCGR3A, NRAS, 
NCR2, SYK, PIK3CD, IFNA2, IFNB1, GRB2, PTK2B, ITGB2, PTPN6, TNF, HLAB, 
HRAS, PRKCA, MICA, PIK3R1

hsa04062 Chemokine signaling pathway 39 MAPK1, NFKBIA, PIK3R2, CCL2, NFKB1, CCR7, RAF1, KRAS, MAPK3, PIK3CA, 
STAT3, PIK3CB, CCR2, STAT5B, MAP2K1, CXCL10, CXCL11, CCR4, PTK2, 
GPR29, PIK3CG, STAT1, NRAS, CHUK, CXCR3, PIK3CD, JAK2, GRB2, CXCL12, 
PTK2B, RELA, CXCR4, HRAS, PIK3R1, IKBKB, HCK, AKT1, CCL5, IKBKG

hsa04662 B cell receptor signaling pathway 30 CD22, MAPK1, NFKBIA, PIK3R2, NFKB1, RAF1, KRAS, MAPK3, PIK3CA, 
PIK3CB, MAP2K1, FOS, MALT1, NRAS, CHUK, BCL10, JUN, SYK, PIK3CD, 
GRB2, RELA, PTPN6, INPP5D, HRAS, PIK3R1, IKBKB, CD19, AKT1, BTK, IKBKG

hsa04657 IL‑17 signaling pathway 34 MAPK1, NFKBIA, CCL2, NFKB1, IFNG, MAPK14, IL4, TRAF2, MAPK3, IL1B, 
HSP90B1, IL13, CXCL10, FOS, MAPK7, HSP90AA1, IL17A, CASP8, PTGS2, 
S100A9, CHUK, JUN, MMP9, LCN2, MAPK8, RELA, IL6, MAPK9, TNF, IKBKB, 
TRAF6, TRAF3, TNFAIP3, IKBKG

hsa04659 Th17 cell differentiation 38 MAPK1, IL2RB, NFKBIA, TGFB1, NFKB1, IL2, IFNG, MAPK14, IL4, AHR, 
MAPK3, IL1B, IL21, STAT3, STAT5B, FOS, SMAD3, HSP90AA1, STAT5A, JAK1, 
IL17A, STAT1, MTOR, CD247, CHUK, JUN, IL2RG, IRF4, IL6ST, JAK2, MAPK8, 
RELA, IL6, MAPK9, IKBKB, HIF1A, IL22, IKBKG

hsa04620 Toll‑like receptor signaling pathway 47 MAPK1, NFKBIA, PIK3R2, NFKB1, MAPK14, RIPK1, MAPK3, MAP3K8, IL1B, 
PIK3CA, CD80, IFNAR1, CTSK, IFNA1, PIK3CB, TLR3, MAP2K1, CD14, CXCL10, 
FOS, CXCL11, CD86, CASP8, STAT1, IRAK1, CHUK, JUN, CD40, TLR4, PIK3CD, 
IFNA2, IFNB1, SPP1, MAPK8, MAP2K7, RELA, IL6, MAPK9, TNF, MYD88, 
PIK3R1, IKBKB, TRAF6, AKT1, TRAF3, CCL5, IKBKG

hsa04660 T cell receptor signaling pathway 43 MAPK1, NFKBIA, PIK3R2, NFKB1, IL2, IFNG, MAPK14, IL4, RAF1, KRAS, 
MAPK3, MAP3K8, PIK3CA, PIK3CB, MAP2K1, CTLA4, FOS, MALT1, CD28, 
PDCD1, PDPK1, CD247, NRAS, CHUK, BCL10, JUN, PIK3CD, GRB2, MAPK8, 
MAP2K7, RELA, PTPN6, MAPK9, TNF, HRAS, PTPRC, IL10, NCK1, PIK3R1, 
IKBKB, AKT1, MAP3K14, IKBKG

hsa04625 C‑type lectin receptor signaling 
pathway

42 BCL3, MAPK1, NFKBIA, PIK3R2, NFKB1, IL2, MAPK14, IRF1, RAF1, KRAS, 
MDM2, MAPK3, IL1B, PIK3CA, PIK3CB, MALT1, NLRP3, PTPN11, CASP8, 
STAT1, MAPKAPK2, PTGS2, NRAS, NFKB2, CHUK, BCL10, JUN, SYK, PIK3CD, 
MAPK8, RELA, IL6, CYLD, MAPK9, TNF, HRAS, IL10, PIK3R1, IKBKB, AKT1, 
MAP3K14, IKBKG

hsa04621 NOD‑like receptor signaling 
pathway

46 MAPK1, NFKBIA, MEFV, NAMPT, CCL2, NFKB1, MAPK14, TRAF2, RIPK1, 
MAPK3, IL1B, BIRC3, YWHAE, IFNAR1, IFNA1, IL18, BCL2L1, P2RX7, 
HSP90AA1, NLRP3, TRPV2, JAK1, CASP8, STAT1, ATG5, CHUK, XIAP, JUN, 
TLR4, TXN, IFNA2, IFNB1, MAPK8, BCL2, RELA, IL6, MAPK9, TNF, MYD88, 
IKBKB, TRAF6, TRAF3, CCL5, BIRC2, TNFAIP3, IKBKG

hsa04623 Cytosolic DNA‑sensing pathway 16 NFKBIA, NFKB1, RIPK1, IL1B, IFNA1, IL18, CXCL10, ADAR, CHUK, IFNA2, 
IFNB1, RELA, IL6, IKBKB, CCL5, IKKG

hsa04672 Intestinal immune network for IgA 
production

14 TGFB1, IL2, AICDA, IL4, CD80, IL15, CD28, CD86, CD40, CXCL12, IL6, CXCR4, 
IL6, MAP3K14
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targets within active phytocompounds in the context of 
multiple myeloma.

The targets in GO terms associated with the regulation 
of diverse biological processes (GO: BP) were significantly 
enriched. These processes include cellular response to 
chemical stimulus, response to organic substance, cell 
differentiation, cell proliferation, cell migration, immune 
response, regulation of programmed cell death, regulation 
of immune system process, and more.

Similar enrichments were evident with the targets 
in GO terms associated with molecular functions 
(GO: MF). These functions include protein kinase activity, 
phosphotransferase activity, alcohol group as acceptor, 
catalytic activity acting on a protein, enzyme binding and 
more.

The significant enrichment of the targets in GO terms 
associated with their cellular compartments (GO: CC) was 
also observed. The distribution spanned compartments 

such as the cytosol, cell periphery, cytoplasm, cytoplasmic 
vesicle, intracellular vesicle, and beyond.

The immune system is known to be closely controlled 
by the precise coordination of many important signaling 
pathways. Deviations in the regulation of immune-related 
pathways can result in a variety of immunological disorders. 
To delve further, KEGG pathway enrichment analysis was 
employed (Figure  4). This pathway-level analysis of the 
active phytocompounds immune-related targets revealed 
connections with at least 17 immune pathways and other 
relevant pathways (Figure  3). These encompass, among 
others, the PI3-AKT pathway, VEGFA pathway, JAK-STAT 
signaling pathway, and mTOR signaling pathway.

3.9. Hub gene targets and molecular docking 
simulation

The top 10 hub genes from the top 40 compound-target 
networks between the bioactives and the bioactive-
multiple myeloma gene targets were identified using 

Figure 2. A diagrammatic representation of the Compound-Target Network of the bioactives and the multiple myeloma-associated gene targets. Turquoise 
boxes indicate the bioactives/compounds; cobalt blue boxes indicate the bioactive-multiple myeloma gene targets; black lines indicate the interactions 
between the two components.
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Cytohubba. Subsequently, molecular docking simulations 
were performed using corresponding immunomodulatory 
bioactives selected from the top 21 bioactives. These 
bioactives encompassed AKT1, JAK2, HCK, PDPK1, 
MMP9, KIT, GRB2, IL2, MDM2, BTK, MAPK3, STAT3, 
HRAS, and HSP90AA1, which were included in the 
targets designated for docking. The selected bioactives 
included withanolide Q, hydrocortisone, somniferine, 
2,3-didehrdrosomnifericin, 27-deoxywithaferin A, 
steroids, withaferin A, withanolide G, somniferanolide, 
somniwithanolide, sominone, quercetin, chlorogenic acid, 
rhein, homonataloin, 7-hydroxyaloin, delta-7-avenasterol, 
folic acid, somnifericin, gugglesterone, and stigmasterol. 

The interaction relationships between the aforementioned 
hub genes and their corresponding bioactives were 
analyzed. Simultaneously, lenalidomide and thalidomide 
were selected as the positive control drugs.

Docking scores were obtained after the binding of 
phytoconstituents to specific multiple myeloma targets. 
Lower docking scores indicated higher and stronger 
binding affinity of components to their respective 
target. Molecular docking is a technique for predicting 
energetically advantageous ligand binding conformations 
within a target protein’s active region[40]. This binding 
was accompanied by the generation of hydrogen bonds, 
as well as hydrophobic interactions such as Pi-Pi and 
Pi-cation interactions. These interactions collectively 
indicated the stability of complexes generated subsequent 
to ligand binding with the target protein[40]. A total of 21 
phytoconstituents of W. somnifera and A. barbadensis 
were screened against various targets of multiple 
myeloma.

The individual docking scores (binding affinity energy) 
of the selected phytoconstituents are presented in Table 3. 
Furthermore, detailed insights into the receptor-ligand 
interactions in both three-dimensional (3D) and two-
dimensional (2D) are showcased in Figures  5-7. From 
these analyses, the top three complexes were selected based 
on the interactions between the ligand-protein, binding 
affinity and the ADMET profiles of the compounds. The 
2D diagrams present the binding process, highlighting 
the formation of hydrogen bonds and hydrophobic 

Figure 3. A diagrammatic representation of the Compound-Target-Immune Pathway Network between the bioactives and the bioactive-multiple myeloma 
immune-associated gene targets. Turquoise boxes indicate the bioactives; cobalt blue boxes indicate the bioactive-multiple myeloma immune-associated 
gene targets; lilac boxes indicate the immune pathways these gene targets are associated with; the lines represent their interaction.

Figure 4. The number of active phytocompounds’ gene targets involved 
in the top 15 signaling pathways, including immune and other important 
pathways.

https://doi.org/10.36922/itps.1076


Plants immunoactivity: In silico study

Volume 7 Issue 1 (2024)	 11� https://doi.org/10.36922/itps.1076

INNOSC Theranostics and 
Pharmacological Sciences

interactions between the amino acids of the receptors and 
the best-docked phytoconstituents.

The binding affinity energy table (Table  3) revealed 
that withanolide G, somniferine, and somniferanolide 
consistently emerged as the best-docked phytoconstituents 
across the majority of the multiple myeloma targets. This 
is indicative that the phytochemicals have the potential 
immunomodulatory capabilities in the context of multiple 
myeloma. With further validation, these compounds could 
prove to be useful lead compounds.

4. Discussion
This study harnessed the power of network pharmacology 
to investigate the immunomodulatory potential of W. 
somnifera and A. barbadensis. In the trajectory of multiple 
myeloma, patients experience progressive immunological 
dysfunction. As a result, several therapy options have 
emerged, aiming to navigate the immunosuppressive milieu 
of tumor microenvironments and stimulate the host’s 

immune system, thereby eliciting an anticancer response[41]. 
While the intricate interplay among varied immunological 
components is not entirely understood, some advancements 
have brought us closer to a holistic view of the immune 
system and its role in host defense[42]. Capitalizing on their 
potent pharmacological attributes and minimal side effects, 
herbal medicines have become increasingly popular as 
therapeutic agents against various diseases[43]. Employing 
a network pharmacology approach, we investigated the 
functional roles of the gene targets of the bioactives. This 
exploration unraveled their immunomodulatory roles and 
the systems-level pharmacological processes that underpin 
the immunomodulatory effects of W. somnifera and A. 
barbadensis against multiple myeloma. This approach 
has previously been used in predicting potential lead 
compounds and understanding the mechanism of actions 
of different herbal plants in treating human diseases[31].

This study identified a selection of key gene targets, 
including AKT1, HRAS, HSP90AA1, GRB2, PIK3R1, 
and IL2. On delving into the interactome relationship 

Table 3. Illustrating the Target Binding Affinity of the hub targets and some of the highly connected active phytocompounds 
from the network analysis

Phytochemical AKT1 HCK PDPK1 JAK2 KIT MMP9 GRB2 IL2 BTK MDM2 MAPK3 STAT3 HRAS

Withanolide Q −12.4 −9.6 −10.5 −9.8 −8.7 −8.5 −8 −7.6 −9.8** −8.4 −9.1 −8.3 −9.2

Hydrocortisone −10 −8.5 −7.8 −8 −8.8 −8 −6.5 −6.3 −8.6 −7.3 −7.8 −7.9 −7.4

2,3−didehrdrosomnifericin −12.1 −9.4 −9.5 −7.9 −9.2 −8.5 −8 −7 −9.1 −7.6 −9.2 −8.2 −8.8

Somniferine −8.9 −10.1* −8.2 −8.4 −9.4 −10* −8.6* −7.8 −8 −8.3 −9.3 −9.3 −9.5

Withaferin A −12.3 −9.3 −9.9 −9.3 −9.5 −9 −8 −7.5 −8.9 −8.2 −8 −8 −9.9*

Withanolide G 12.5* −9.7 10.7* 10.3 10 −9.1 −8.6* −7.9* −9.2 −8.7* −8.3 −8.3 −8.8

27−deoxywithaferin A −12.1 −10 −9.9 −10.4 −10.5* −9.2 −8.4 −7.5 −9.7 −8.1 −9.1 −9.1 −8.9

Somniferanolide −13.1** −9.7 −9.6 −10.6* −10.1 −8.2 −7 −9.2 −8.7 −9.3 −9.3* −9.9*

Somniwithanolide −11.3 −8.9 −9.3 −7.1 −8.2 −8.2 −7.2 −6.3 −8.4 −7.1 −8.5 −8.5 −9

Chlorogenic acid −9.3 −8.3 −8.5 −9.2 −7.9 −7.4 −7 −5.8 −7.6 −7.4 −8.7 −7.8 −8.6

Delta7avenasterol −11.7 −8.8 −9.6 −9.6 −8.9 −8.5 −7.4 6.5 −8.7 −7.4 −8.9 −7.3 −8.5

Quercetin −9.8 −9.1 −9.1 −8.8 −9.5 −9.7 −6.7 −6.6 −8.6 −7.1 −8.6 −8.2 −8.3

Rhein −10.5 9.1 −9.9 −9.3 −9.1 −8.5 −7.1 −6.5 −9.1 −7.4 −9.1 −9.1 −7.7

7−hydroxyaloin −8.9 −9.3 −8.4 −7.8 −7.8 −8.4 −6.9 −6.2 −8.1 −6.7 −8.1 −8 −7.8

Guggulsterone −11.3 −8.8 −9.7 −7.3 −9 −8.4 −7.3 −6.8 −9.2 −8.3 −8.2 −8.9 −7.6

Homonataloin −8.5 −8.4 −7.5 −8.2 −8.6 −8.3 −7 −6.4 −7.7 −7 −7.6 −8.1 −7.2

Somnifericin −11.2 −9.5 −9.6 −10 −9.1 −8.4 −7.5 −7 −9 −8.4 −8.1 −9 −8.7

Folic acid −10 −8.9 −9.5 −9.2 8.5 −8.6 −7.3 −6.8 −9.3* −7.9 −10.1* −8.7 −9.4

Stigmasterol −11.4 −9 −9.7 9.3 −9 −8.1 −7.6 −6.5 −8.8 −8 −8 −8 −8.6

Controls

Lenalidomide −9.3 −8.9 −7.4 −8.4 −7.7 −7.7 −6.6 −5.7 −7.8 −6.6 −8.1 −7.9 −7.6

Thalidomide −9.9 −8.8 −7.7 −8.6 −8 −9 −6.9 −6.2 −8.1 −6.9 −8.4 −7.4 −7.8

Notes: *Values with the highest binding affinity with regards to network pharmacology and mostly as a whole except the two instances. **Values with 
the highest binding affinity regardless of network pharmacology.
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of the herbs’ gene target, the majority of the gene targets 
exhibited interactions through the Toll-like receptor (TLR) 
signaling pathway. TLRs activate defense mechanisms that 
function autonomously from adaptive immunity. They 

also play a significant part in the differentiation of naive T 
cells into effector T cells, a crucial step in adaptive immune 
responses. Transcription factors within the TLR signaling 
pathway (such as AP-1) regulate numerous genes, notably 
those encoding crucial proinflammatory cytokines like 
tumor necrosis factor-alpha (TNF-alpha), IL-1-beta, IL-6, 
IL-8, and IL-12. Certain TLRs also trigger interferon 
regulatory factors (IRFs) such as IRF3, IRF5, and IRF7, 
which subsequently bolster the production of type  1 
(alpha and beta) interferons[44]. Another pathway through 
which most of the genes interact is the nucleotide-binding 
oligomerization domain (NOD) signaling pathway. Within 
this pathway, inflammasome-forming NOD-like receptors 
(NLRs) contribute to the conversion of procytokines into 
active IL-1 and IL-18, achieved by triggering caspase-1. 
TRAF is a group of cytoplasmic signaling adaptor proteins, 
responsible for packing, regulating and transducing IL1, 
TLRs, and IL17. These biological processes are vital for 
regulation of cell survival and immune cell function. 
These contribute significantly to regulating acute and 
chronic inflammation (Gissler et  al., 2022). Interleukins 
are involved in cell proliferation, migration, and also 
immune cell differentiation (Brocker et al., 2010). Studies 
have shown that NF-κB are important in modulating 
the adaptive inflammatory response, such as enhanced 
expression of genes responsible for pro-inflammation. 
Contrarily, NOD-like receptors focus on regulating the 
host innate immune response by assembling mitogen-
activated protein kinase (MAPK) and NF-κB (Franchi 

Figure 5. Ligplot+ analysis of the docked complex of the protein receptor 
HCK and somniferine. Protein residues involved include hydrophobic 
interactions represented as arcs and hydrogen bonding with dashed lines.

Figure 6. Ligplot+ analysis of the docked complex of the protein receptor 
PDPK1 and withanolide G. Protein residues involved include hydrophobic 
interactions represented as arcs and hydrogen bonding with dashed lines. 

Figure 7. A ligplot+ analysis of the docked complex of the protein 
receptor JAK2 and somniferanolide. Protein residues involved include 
hydrophobic interactions represented as arcs and hydrogen bonding with 
dashed lines. 
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et al., 2009). The release of inflammatory modulators is 
regulated by multiple signaling pathways, one of which 
is mitogen-activated protein kinase (MAPK) pathway. 
MAPK is responsible for multiple cellular processes, 
including cell survival, inflammation, stress response, and 
cell proliferation (Moens, Kostenko and Sveinbjørnsson, 
2013).

Myeloid differentiation factor 88 (MyD88), TRIF, and 
other adaptor proteins bind to TLRs, inciting the activation 
of NF-κB and the consequent production of inflammatory 
cytokines[45]. This cascade triggers the expression of 
proinflammatory cytokines, chemokines, inducible 
enzymes such as cyclooxygenase (COX)-2 and inducible 
nitric oxide synthase (iNOS), growth factors, immune 
receptors, and adhesion molecules such as intercellular cell 
adhesion molecule 1 (ICAM-1) and vascular cell adhesion 
molecule 1 (VCAM-1) due to NF-κB activation[46]. 
The STAT protein family constitutes a potent force in 
immunoregulation. Several proteins, including JAK, 
GATA3 (a transcription factor that controls Th2 cytokine 
production), and RAR-related orphan receptor gamma 
(RORt-Th17 transcription factor), are involved in this 
process, as elucidated by O’Shea et al.[47]. Different STAT 
proteins also affect the levels of cytokines. Meanwhile, 
recent studies underscore the pivotal roles of STAT3 in 
tumor cell growth and proliferation, recommending it as 
a therapeutic target for inflammation-related diseases and 
tumor management[48].

The PI3K-Akt/mTOR pathway, which is targeted for 
anti-multiple myeloma treatment, has been identified as 
a hub. However, activating mutations in PI3K and AKT 
have not been detected in multiple myeloma patients[49]. 
At the same time, a small percentage of multiple myeloma 
patients experience a deficiency in the phosphatase and 
tensin homolog (PTEN)[50]. Despite this, the pathway plays 
a crucial role in the survival and proliferation of multiple 
myeloma cells. Elevated IL6  secretion by stromal cells, 
along with the elevated secretion of vascular endothelial 
growth factor (VEGF) and insulin-like growth factor 
(IGF) by multiple myeloma cells due to multiple myeloma 
interactions, contribute to the pathway’s activation. These 
cytokines activate their corresponding binding sites on 
multiple myeloma cells, promoting tumorigenesis by 
upregulating signaling events such as the PI3K/AKT/
mTOR, mitogen-activated protein kinase/extracellular 
signal-regulated kinase (MEK/ERK), and Janus kinase/
signal transducer and activator of transcription (JAK/
STAT) pathways. The complexity of the PI3K/AKT/mTOR 
pathway is amplified by the presence of multiple feedback 
loops and interactions with various other pathways. 
DEP domain-containing mTOR interacting protein 

(DEPTOR) has been identified as an effective inhibitor 
of both mTORC1 and mTORC2[51]. Increased expression 
of DEPTOR inhibited mTORC1, relieving the feedback 
inhibition of ribosomal protein S6 kinase. Consequently, 
this results in the activation of AKT and the survival of 
multiple myeloma cells.

Numerous pathways interact with the PI3K/AKT/
mTOR pathway, in addition to the feedback loops within 
it. The PI3K/AKT/mTOR and RAS/RAF/MEK/ERK 
pathways exhibit the most intricate and well-documented 
interaction. Yu et al. further discovered that suppressing 
ERK using the MEK inhibitor U0126 enhances the 
binding of Grb2-associated binder-1 (Gab1) with PI3K, 
consequently activating the PI3K/AKT pathway[52]. A more 
recent study has demonstrated the successful treatment of 
metastatic and primary colorectal cancers by inhibiting 
the PI3K/mTOR pathways. This highlights the pathway’s 
potential as a promising route for addressing these lethal 
cancers[53].

In addition to cell differentiation, proliferation, and 
survival, the MAPK pathway is an evolutionarily conserved 
cell regulatory signaling network. Inflammatory cytokines 
such as TNF-a, IL-6, and IGF1 activate this pathway, 
triggering subsequent kinase cascades, namely RAS, RAF, 
MEK, and MAPK, resulting in altered gene expression. 
The MAPK pathway harbors two main oncogenes, 
NRAS and KRAS, which are frequently aberrant in many 
malignancies. Notably, these genes are often affected in 
multiple myeloma, with a cumulative incidence of 20 
– 35%[54]. RAS mutations are thought to be progressive 
events, as they are uncommon in the initial phases of 
multiple myeloma but become more common in later 
disease progression[55].

In terms of compounds, researchers have identified 
more than ten active phytochemical constituents. 
Withaferin A, for instance, has been shown to suppress 
TNF-induced NF-B activation in human myeloid leukemia 
KBM-5 cells[56]. In both in vitro and in vivo studies, sitosterol 
and kaempferol have also demonstrated hematological and 
immunomodulatory effects[57]. In a kidney cancer cell line, 
withaferin-A induced dose-dependent apoptotic cell death 
and PARP cleavage through the downregulation of the 
STAT-3 pathway[58].

GO enrichment analysis demonstrated that the targets 
of the active compounds in W. somnifera and A. barbadensis 
were involved in diverse immunomodulatory associated-
molecular functions. Notably, the protein kinase activity is 
the most significantly enriched molecular function of the 
bioactive-multiple myeloma’s immune gene target, which 
holds unique therapeutic potential in the treatment of 
multiple myeloma[59]. In the realm of multiple myeloma 
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medication development, the majority of anti-kinase 
research has centered on protein kinase targets, with a 
few significant exceptions. Manning et al. reported that 
the human genome encodes 518 distinct protein kinases, 
each facilitating the transfer of the gamma-phosphate 
group of ATP to the hydroxyl groups of proteins. These 
protein kinases are categorized into two types based on 
the phosphorylated amino acids. They are important 
components of biological signal transduction pathways that 
regulate cell proliferation, survival, and migration. While 
numerous tyrosine kinases (TKs) reside in the cytosolic 
domains of plasma membrane receptors, multi-capability 
serine/threonine kinases (S/TKs) can also be located in the 
plasma membrane; however, the majority is distributed 
throughout the cytosol and other cellular compartments. 
This observation aligns with the GO analysis of cellular 
compartments (CC), which highlights the cytosol as the 
most significantly enriched cellular compartment among 
the gene targets[60].

However, this study has a few limitations. First, it relies 
on the already identified chemical constituents from W. 
somnifera and A. barbadensis, potentially overlooking 
the immunomodulatory effect of unknown chemical 
constituents. In addition, although favorable binding 
affinities were observed between the hub targets and 
corresponding phytoconstituents during the molecular 
docking simulation, further studies are necessary to 
authenticate and validate these interactions.

5. Conclusion
The study’s approach leverages network pharmacology 
and molecular docking techniques to uncover active 
phytocompounds and their potential mechanism of 
immunomodulation. Network pharmacology analysis 
revealed that HCK, PDPK1, and JAK2 are crucial 
immunomodulatory targets for multiple myeloma 
treatment. These effects are achieved through the inhibition 
of major signaling pathways that have been constitutively 
activated, aligning with previous research. Notably, the 
study highlights significant pathways, including the PI3K-
Akt signaling pathway, NOD-like receptor signaling 
pathway, and TLR signaling pathways. The molecular 
docking analysis further supports these results, suggesting 
that with anolide G, Somniferine, and Somniferanolide 
from W. somnifera hold potential as IMiDs leads targeting 
PDPK1, HCK, and JAK2 hub proteins in multiple 
myeloma from the network pharmacology construction. 
These compounds exhibit promise in modulating key 
pathways in cancer, notably the PI3-AKT pathway, VEGFA 
pathway, JAK-STAT signaling pathway, and mTOR 
signaling pathway. Consequently, it is recommended that 
further in vivo and in vitro studies be conducted to assess 

the practical impacts of these lead compounds and their 
potential impact on immunomodulatory proteins against 
multiple myeloma.
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Abstract
Helicobacter pylori infection, pepsin, ischemia, hypoxia, smoking, alcohol intake, 
hydrochloric acid, and nonsteroidal anti-inflammatory drugs are the causal factors 
of ulceration. In third-world countries, approximately one in two individuals has 
signs of gastric ulceration. Extensive literature suggested that plant-derived drugs 
hold the potential in the treatment of peptic ulcer, and Rheum spiciforme (family: 
Polygonaceae) has been known in the folk medicine for possessing medicinal effect 
on ulceration. To explore further along this line, the current study was designed to 
investigate the effects of aqueous ethanol extract of R. spiciforme roots and its fractions 
on peptic ulcer and to identify bioactive compounds responsible for mitigating this 
pathological condition. Animal model of ethanol-induced gastric ulcer was utilized 
in this study. The animals were pre-treated with crude plant extract, given at doses 
125, 250, and 500 mg/kg, and then orally administered with butanol, aqueous, and 
dichloromethane fractions at doses of 250 mg/kg for 7 days. Following the treatments, 
a significant decrease in ulcerative lesions, ulcer index, ulcer severity score, volume, 
free acidity, and total acidity of gastric juice as well as a marked increase of gastric 
pH in the groups treated with plant extract at doses of 250 and 500  mg/kg were 
noted. Moreover, butanol fraction has been shown to produce effects equipotent to 
that of the reference drug omeprazole. Liquid chromatography-mass spectrometry 
analyses show that the plant extract contains emodin, aloe-emodin, and quercetin. In 
conclusion, this study demonstrated that the aqueous ethanol extract of R. spiciforme 
and its butanol fraction exhibited gastro-protective effect.

Keywords: Rheum spiciforme; Protective role; Ulcer; Ethanol; Fractions

1. Introduction
A peptic ulcer is a common pathological condition of the gastrointestinal tract with more 
a high prevalence in Asian countries[1]. It is defined as a lesion of mucosa that infiltrates 
into the muscularis mucosae layer of the stomach or duodenal bulb, leaving behind a 
cavity accompanied by acute and chronic inflammation[2]. Peptic ulcer develops when 
the equilibrium between the “offensive” and “defensive” factors that govern the integrity 
of the luminal surface of the epithelial cells is disrupted. The offensive factors include 
Helicobacter pylori infection, pepsin, bile acids, ischemia, smoking, hypoxia, alcohol 
intake, hydrochloric acid, and nonsteroidal anti-inflammatory drugs, while the mucus 
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layer, growth factors, bicarbonate, mucosal blood flow, and 
prostaglandins constitute the line of defense against the 
ulceration[3].

Peptic ulcer commonly develops along the gastrointestinal 
tract, especially the stomach and duodenum, where 
gastric acid and pepsin are secreted. Commonly observed 
symptoms of peptic ulcer include bloating, burning, 
pressure or feeling of fullness, occasional bloody or 
dark stools, pain in the chest, fatigue, vomiting, changes 
in appetite, indigestion, and weight loss[1]. Numerous 
drugs, including proton pump inhibitors and H2 receptor 
antagonists, are included in the treatment regimen of peptic 
ulcer[4]. Nevertheless, these drugs lead to the occurrence of 
adverse effects and relapses and interact with other drugs. 
As an effort to reduce adverse effects stemming from these 
drugs and prevent relapses, the relentless search for potent 
herbal medication is still relevant and crucial[5].

Rheum spiciforme, mostly found in the Himalayan 
region of Kashmir, belongs to family Polygonaceae[6], 
which comprises 60 species, among which seven species 
are found in the Indian subcontinent and the Himalayan 
region of Kashmir. It is a wild plant capable of surviving 
in harsh environments [7]. The petioles, stems, and leaves 
of R. spiciforme are traditionally included in the meals of 
a few Tibetan communities[8], while the roots are applied 
in the treatments of bone fractures, backache, joint pain, 
joint swelling, rheumatic pain, stomachache, intestinal 
infections, and dysentery[7]. In light of the potential 
medicinal values mentioned above, the current study 
aimed to investigate the anti-ulcer activity of R. spiciforme.

2. Materials and methods
2.1. Chemicals and drugs

The list of chemicals and drugs used in his study is as 
follows: diethyl ether (Riedel-de Haen), sodium hydroxide 
(Merck®, Germany), 10% formalin, Topfer Reagent, paraffin 
wax, phenolphthalein, hemotoxylin, eosin, 0.1 N sodium 
hydroxide, analytical-grade absolute ethanol (Merck®, 
Germany), n-butanol, dichloromethane (Riedel-de Haen), 
normal saline, distilled water, hydrochloric acid, Mayer’s 
reagent, Wagner’s reagent, sodium chloride, ethanol, and 
omeprazole (Sigma, Germany).

2.2. Animals

Healthy adult albino rats (6–8 weeks old) of either sex were 
obtained from the Animal House, College of Pharmacy, 
University of Sargodha, Sargodha. The rats weighed 
between 150 and 180  g. Standard rat pellet diet and tap 
water were given to the animals, which were kept on a 
standard light-dark cycle (12 h with light on and 12 h in 
the dark) at room temperature[9]. All animals were treated 

in accordance with the standard ethical guidelines set forth 
by the National Research Council[10].

2.3. Collection and authentication of medicinal plant

The identification of R. spiciforme based on the 
ethnobotanical literature[11]. The roots of R. spiciforme were 
acquired from a local market during the full bloom season 
of the plant, i.e., in July. The identification and authentication 
of the plant was performed by assistant professor Dr. Shair 
Wali Khan from Karakoram International University, Gilgit-
Baltistan. After cleaning, the dried roots of R. spiciforme 
were powdered using an electric blender.

2.4. Preparation of crude extract and its fractions

Aqueous ethanol extract of R. spiciforme was prepared 
through maceration. For the extraction purpose, the 
dry powder was immersed in aqueous ethanol (30:70; 
analytical grade, Merck®, Germany) for 48 h with regular 
shaking[12]. The mixture obtained was filtered after 3 days 
using a muslin cloth and grade  1 Whatman filter paper. 
The filtrate was then passed through a rotary evaporator 
and afterward, it was dried at room temperature.

Activity-guided fractionation of R. spiciforme was 
performed using three different organic solvents in 
increasing polarity so that the relative active fraction could 
be obtained[13]. Next, 100 g of the active fraction was mixed 
in 250  mL of distilled water to produce aqueous (48%) 
fraction. Separately, two solvents – dichloromethane and 
butanol – were added in increasing polarity, eventually 
generating concentrated dichloromethane (20%) and 
butanol (25%) fractions, respectively. After drying, these 
fractions were then applied in the anti-ulcer activity 
evaluation.

2.5. Evaluation of gastro-protective effect of crude 
extract on rats with ethanol-induced ulcer

Rats were divided into five groups and each group 
consisted of six animals (n = 6). Group I was the control 
group that received a vehicle once per day for 7 days and 
then was induced for ulcer development on day 7. Group II 
was the reference group given 20 mg/kg omeprazole (p.o). 
Groups III, IV, and V were given aqueous ethanol extract 
of R. spiciforme at doses of 125, 250, and 500 mg/kg body 
weight once per day for 7 days, respectively[14]. Gastric ulcer 
was induced by administering ethanol (5  mL/kg) to rats 
after 1-h pre-treatment with crude extract and omeprazole 
on day 7[15].

2.6. Evaluation of gastro-protective effect of plant 
extract fractions on rats with ethanol-induced ulcer

In this experiment, the animals were divided randomly 
into five groups, with each group containing six rats (n = 6). 
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Group  I was the control group that was given a vehicle 
once per day for 7 days. Group II was the reference group 
administered with 20 mg/kg omeprazole once per day for 
7  days. Groups  III, IV, and V were treated with butanol, 
aqueous, and dichloromethane fractions of plant extract 
at 250 mg/kg once per day for7 days. Then, gastric ulcer 
was induced in adherence to protocols briefly mentioned 
in section 2.5[15].

2.7. Macroscopic evaluation of ulcer

2.7.1. Estimation of ulcer severity

Stomach of each rat was cut open with an incision on the 
greater curvature. After the gastric contents were removed, 
gastric lesion on the stomach was examined with the naked 
eyes. The length of the ulcer was measured using Vernier 
Calliper, and the ulcer severity was estimated by means of 
scoring[16].

2.7.2. Estimation of ulcer index

The ulcer index is defined as mean ulcer severity score 
for each animal. The ulcer index was calculated using the 
following formula[17]:

UI = UN+US+UP×10−1� (I)

where UI = ulcer index, UN = average number of 
ulcer per animal, US= average severity score, and UP = 
percentage of animal with ulcer

2.7.3. Percentage inhibition of ulcer

Percentage inhibition of ulcer is also known as percentage 
protection. Percentage inhibition of ulceration was 
calculated using the following formula[18]:

( )Ctrl Test

Ctrl

UI  UI 100
Inhibition of ulceration  

UI
− ×

= � (II)

where UICtrl = Ulcer index of control group, and 
UITest = ulcer index of test group.

2.7.4. Evaluation of pH

Before pH measurement, 1  mL gastric juice was diluted 
with 1 mL of distilled water, and then, pH meter was used 
to measure the pH of the solution[19].

2.7.5. Determination of free and total acidity

One milliliter of gastric juice solution, diluted in a 1:1 
ratio with distilled water, was poured into a conical flask. 
A few drops of a phenolphthalein indicator were added to 
the solution. Titration was performed with 0.01 N NaOH 
until a sustained pink coloration appeared. The volume of 
0.01 N NaOH used was noted. Topfer reagent was used to 
determine the free acidity. Titration of gastric juice with 

0.01 N NaOH was performed until a yellow coloration 
appeared. The volume of 0.01N NaOH used was noted. The 
total and free acidity was calculated using the following 
formula[17].

NaOHV  N 1 00 mEq / L
Acidity  

0.1
× ×

= � (III)

where VNaOH = volume of NaOH solution used, and 
N = normality.

2.7.6. Determination of gastric juice volume

Gastric juice was centrifuged at 500  rpm for 5  min, and 
then, the supernatant was separated and its volume was 
measured using a graduated cylinder[20].

2.8. Liquid chromatography-mass spectrometry 
(LC-MS) analysis of bioactive fractions

In the present study, active constituents in most active 
fractions (butanol fractions) were identified by means 
of LC-MS using methanol (100%) as the mobile phase. 
A thermo electron (LTQ-Orbitrap XL mass spectrometer) 
equipped with a nanoelectrospray ion source (Thermo 
Fisher Scientific, Bremen, Germany) was utilized in positive 
and negative ionization modes as per requirements.

The separated target compounds were detected in direct 
injection mode. The collision-induced dissociation (CID) 
was based on the parent ion fragmentation efficiency. The 
capillary temperature was set at 280°C and the sample flow 
at 8 µL/min[21].

2.9. Statistical analysis

Data were analyzed using GraphPad Prism, and descriptive 
statistics were used to describe the results. The results are 
expressed as mean ± standard error of mean. One-way 
analysis of variance (ANOVA) followed by Dunnett and 
Bonferroni’s post hoc test was carried out. A P-value <0.05 
was considered statistically significant.

3. Results
3.1. Gastro-protective effect of R. spiciforme on 
gastric mucosal injury in ethanol-induced ulcer rat 
model

The extract at a dose of 125  mg/kg resulted in a non-
significant decrease (6.50 ± 0.95) in number of lesions in 
comparison with the control group (7.83 ± 0.47), whereas 
a remarkable reduction in the number of lesions in mucosa 
was observed when the 250 and 500 mg/kg doses were used 
(2.50 ± 0.4 and 1.66 ± 0.4, respectively). The 125, 250, and 
500 mg/kg doses of the plant extract considerably reduced 
the ulcer severity score (22.67 ± 7.3, 7.16 ± 1.70, and 
6.83 ± 1.77) compared to the control group (32.33 ± 2.81). 
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In addition, the ulcer index was decreased (12.88, 10.97, 
and 9.18) at doses of 125, 250, and 500  mg/kg; notably, 
the effect of the 500 mg/kg dose on ulcer index was more 
pronounced with respect to the other two doses. The 
gastroprotective effect of the crude plant extract was also 
measured in terms of percentage inhibition of ulcer; it was 
found that the extract at the dose of presented 125 mg/kg 
dose engendered a gastric damage inhibition of 8.13%, 
while higher doses at 250 mg/kg and 500 mg/kg inhibited 
the damage by 21.75% and 34.52% (Table 1).

3.2. Gastro-protective effect of crude plant extract 
on pH, volume, and acidity of gastric juice

R. spiciforme crude extract at 250 and 500  mg/kg doses 
markedly increased the pH of gastric juice (P < 0.05 and 
P < 0.001, respectively) in comparison with control group, 
while increase in pH was observed following treatment 
with 125  mg/kg of the extract was non-significant as 
compared to the control group (Figure  1). The 250 
and 500  mg/kg doses of the crude extract reduced the 
volume of gastric juice significantly (P < 0.01), whereas 
the 125 mg/kg dose only mildly reduced the gastric juice 
volume (4.46 ± 0.264 mL) in comparison with the control 
group (4.61 ± 0.47  mL). The 250 and 500  mg/kg doses 
of aqueous ethanol extract significantly reduced the free 
acidity (P < 0.05 and P < 0.001, respectively) as compared to 
the control group, but the 125 mg/kg dose led to only non-
significant decrease in the acidity of gastric juice. On the 
other hand, total acidity was significantly reduced by 250 
and 500 mg/kg doses (P < 0.05 and P < 0.001, respectively), 
as shown in Figure 1.

3.3. Effect of R. spiciforme root extract’s fractions on 
gastric mucosal injury in rats with ethanol-induced 
ulcer

The 250  mg/kg dose was used to prepare the butanol, 
aqueous, and dichloromethane fractions of plant extract. 
The butanol fraction caused a marked reduction in lesion 
formation (1.66 ± 0.42) in comparison to the control group 
(7.16 ± 0.30), as presented in Table 2. Both aqueous and 

dichloromethane fractions were found to mildly reduce 
number of lesions (5.50 ± 2.46 and 5.33 ± 0.88, respectively) 
in comparison with the control group. Butanol fraction of 
the extract also decreased the ulcer severity score markedly 
down to 5.66 ± 1.49, while aqueous and dichloromethane 
fractions reduced the ulcer severity score non-significantly 
(25.33 ± 7.49 and 23.83 ± 3.21, respectively) as compared 
with control group (31.50 ± 3.56). The 250 mg/kg dose of 
butanol fraction reduced the ulcer index to 9.063 ± 0.18, 
producing an effect resembling that of the reference drug 
(9.32 ± 0.31). Aqueous fraction significantly lowered 
the ulcer index (11.41 ± 0.9492) while dichloromethane 
fraction non-significantly reduced the ulcer index 
(12.88 ± 0.71) as compared with the control group.

3.4. Effect of fractions of R. spiciforme on gastric 
juice parameters in rats with ethanol-induced ulcer

Both butanol and aqueous fractions significantly 
elevated the pH of gastric juice (P < 0.001 and P < 0.05, 
respectively) as compared to ulcer control, dwarfing 
the minute, non-significant pH elevation achieved by 
dichloromethane fraction (Figure  2). Regarding other 
gastric juice parameters, butanol fraction was singled out 
for its significant lowering effects on these parameters 
(P < 0.001), namely the volume of gastric juice, free, and 
total acidity, in comparison with control group.

3.5. LC-MS results

Figure  3 shows the LC-MS chromatogram of butanol 
fraction of R. spiciforme extract detected at negative and 
positive modes. The peaks of emodin and aloe emodin 
were obtained at 3.42 retention time with molecular 
weight 270.00 g/moL. The compounds – emodin and aloe-
emodin – were identified based on the molecular weight 
in the butanol fraction of plant extract, with the aid of a 
standard reference graph.

4. Discussion
The ulcer usually manifests as an open sore of the skin 
or the mucosal membrane, characterized by sloughing 

Table 1. Gastro-protective effect of R. spiciforme crude extract on gastric mucosal injury in rats with ethanol-induced ulcer

Treatment (mg/kg) Number of lesions Severity score Ulcer index Percentage inhibition of ulcer (%)

Control 7.833 ±0.4773 32.33±2.813 14.02±0.2522 NA

Omeprazole 2.167±0.6009*** 8.083±2.758*** 9.356±0.3295*** 33.26

RS-CE (125 mg/kg) 6.500±0.9574ns 22.67±7.311ns 12.88±0.7148ns 8.13

RS-CE (250 mg/kg) 2.500±0.4282*** 7.167±1.701*** 10.97±0.1909*** 21.75

RS-CE (500 mg/kg) 1.667±0.4216*** 6.833±1.778*** 9.180±0.2045*** 34.52

Notes: Values are expressed as means±standard error of mean (n=6); ***P<0.001, ns: Non-significant versus control group, analyzed by one-way 
analysis of variance (with Dunnett’s test).
Abbreviation: RS-CE: Rheum spiciforme crude extract.
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of inflamed dead tissue. The prevalence of peptic ulcer is 
disproportionately higher in developing countries where it 
is estimated that about 70% of their population suffers from 
peptic or gastric ulcers; in contrast, the highest prevalence 
rate ever recorded from the developed countries is 40%[3].

The present study evaluated the anti-ulcer potential 
of R. spiciforme root extract and its fractions in rats with 
ethanol-induced ulcer. Several parameters concerning 
ulcer, such as number of ulcerative lesions, ulcer severity 

score, percentage inhibition of ulcer, ulcer index, volume, 
pH, free, and total acidity of gastric juice, were approximated 
to characterize the gastro-protective effects of R. spiciforme. 
The pH of gastric juice normally ranges between 2.9 and 3.3 
but could be reduced to 2.3 following ethanol intake, which 
triggers ulceration due to a significant decrease in pH. Due 
to the enhanced production of histamine, the release of 
gastric juice increases, thereby causing an increase in the 
hydrogen ions concentration (more acidic pH), which is 

Table 2. Effect of plant root extract fractions on gastric mucosal damage in rats with ethanol-induced ulcer

Treatments (mg/kg) Number of lesions Ulcer severity score Ulcer index Percentage inhibition of ulcer (%)

Control 7.167±0.3073 31.50±3.566 13.87±0.3836 NA

Omeprazole 2.167±0.6009* 7.750±2.620** 9.322±0.3132*** 32.79

RS-BF 1.667±0.4216* 5.667±1.498*** 9.063±0.1856*** 34.66

RS-AF 5.500±2.460ns 25.33±7.491ns 11.41±0.9492* 17.74

RS-DCMF 6.500±0.9574ns 22.67±7.311ns 12.88±0.7148ns 7.14

Notes: Values are expressed as means±standard error of mean (n=6); *P<0.05, **P<0.01, ***P<0.001, ns: Non-significant versus control group analyzed 
by one-way analysis of variance (with Dunnett’s test). Abbreviations: RS-BF: Rheum spiciforme butanol fraction, RS-AF: R. spiciforme aqueous fraction, 
RS-DCMF: R. spiciforme dichloromethane fraction.

Figure 1. Effect of Rheum spiciforme crude root extract on gastric juice parameters: (A) pH, (B) volume of gastric juice, (C) free acidity, and (D) total acidity 
in rats with ethanol-induced ulcer. Values are expressed as means ± standard error of mean (n = 6); *P < 0.05, **P < 0.01, ***P < 0.001, ns: Non-significant 
versus control group, analyzed by one-way analysis of variance (with Dunnett’s test).
Abbreviations: UC: Ulcer control; RS-CE: R. spiciforme crude extract.

D

B

C

A

https://doi.org/10.36922/itps.1343


Anti-ulcer activity of Rheum spiciforme

Volume 7 Issue 1 (2024)	 6� https://doi.org/10.36922/itps.1343 

INNOSC Theranostics and 
Pharmacological Sciences

 Figure 3. Liquid chromatography-mass spectrometry chromatogram at the retention time 3.42.

Figure 2. Effect of Rheum spiciforme root extract’s fractions on gastric juice parameters: (A) pH, (B) volume of gastric juice, (C) free acidity, and (D) total 
acidity in rats with ethanol-induced ulcer. Values are expressed as means ± standard error of mean (n=6); *P<0.05, **P<0.01, ***P<0.001, ns: Non-
significant versus control group analyzed by one-way analysis of variance (Dunnett’s test).
Abbreviations: RS-BF: R. spiciforme butanol fraction, RS-AF: R. spiciforme aqueous fraction, RS-DCMF: R. spiciforme dichloromethane fraction.
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claimed to be an offensive factor triggering ulceration. 
Moreover, parameters such as the number of ulcerative 
lesions, ulcer severity scores, ulcer index, volume, and 
acidity of gastric juice were markedly increased[3]. The oral 
administration of aqueous ethanol extract of R. spiciforme 
at higher doses reduced the number of lesions, ulcer index, 
and severity score, which were otherwise aggravated by 
ethanol. Our results were congruent with other published 
work, in which Ranunculus millefoliatus ethanol extract 
at 250 mg/kg dose was demonstrated to exhibit anti-ulcer 
activity[22]. In the clinical setting, omeprazole is used as a 
standard anti-ulcerative medication. As a proton pump 
inhibitor, omeprazole prevents ulceration by inhibiting 
the H-K-ATPase in the stomach wall irreversibly, thereby 
blocking gastric acid release. This study revealed that 
the anti-ulcerative efficacy of R. spiciforme extract was 
comparable to that of omeprazole, suggesting that the 
mechanism underlying the R. spiciforme-mediated anti-
ulceration might be similar to that of proton pump 
inhibitor.

As compared to control group, the extracts at 250 and 
500 mg/kg doses markedly increased the pH and intuitively 
reduced the acidity (both free and total) of gastric juice. 
Likewise, the volume of gastric juice was also significantly 
decreased in groups of animals treated with the plant 
extract as compared to the control group (Figure 1). The 
effects produced by R. spiciforme mirrors the anti-secretory 
activity of Aloe vera demonstrated by Borra et al.[23].

In the present study, crude extract of R. spiciforme was 
further utilized for the preparation of different fractions 
(butanol, aqueous, and dichloromethane), which were 
investigated for their anti-ulcer activity in ethanol-induced 
ulcer model. Compared with the control group, the butanol 
fraction stands out to be the only specially prepared 
fraction capable of producing significant gastro-protective 
effects, evident by the significant reductions in the severity 
score and ulcer index (P < 0.001) (Table 2). These findings 
indicated that the butanol fraction was as effective as the 
reference drug, omeprazole (20 mg/kg), in the treatment of 
ulcer. The results of the present study, such as the increase 
in the pH as well as the decrease in the volume, free acidity, 
and total acidity of gastric juice, were consistent with the 
findings by Lee et al.[24] and Ahmed et al.[25]

The ethanol-induced ulcer model treated with aqueous 
fraction also exhibited fewer lesions and reduced severity 
score and ulcer index; however, these results were not 
statistically significant probably due to the presence of less 
bioactive constituents responsible for the anti-ulcer effect. 
This justification is inspired by the presence of less bioactive 
constituents present in the aqueous fraction of root bark 
of Aralia elata[24]. Similarly, the non-significant results 

observed with the dichloromethane fraction might be due 
to the absence of bioactive constituents responsible for anti-
ulcer activity. A previous study has in fact shown that the 
Markhamia tomentosa leave extract in dichloromethane 
fraction has non-significant anti-ulcer activity[9].

The anti-ulcer effect of flavonoids, which are 
cytoprotective constituents, has been confirmed in previous 
studies[7]. The flavonoids provide defense to the gastric 
mucosa against damage by enhancing the prostaglandins 
level in the mucosal lining of the stomach[26]. The increased 
prostaglandin level in the mucosa of stomach and reduced 
histamine secretion from mast cells achieved through the 
blocking of histidine decarboxylase and the inhibition of 
H. pylori growth are the mechanisms behind the gastro-
protective effect of flavonoids. In addition, flavonoids act 
as scavengers of free radicals, which play an important role 
in the formation of gastrointestinal tract lesions. Hence, 
coupled with a less toxic profile and properties, flavonoids 
have high medicinal value in the treatment of ulcers. 
Apart from that, flavonoids are therapeutically useful in 
the treatment of gastrointestinal diseases, especially those 
associated with H. pylori infection[27]. Thus, we postulate 
that the presence of flavonoids is accountable for the 
anti-ulcer potential of the crude extract of R. spiciforme. 
Furthermore, the LC-MS analysis of the butanol fraction, 
which is the most active fraction, of the crude extract 
revealed that the anthraquinones, flavonoids, alkaloids, 
and carbohydrates are the active constituents of the 
fraction. We also found that quercetin is the predominant 
type of flavonoid in the fraction. Quercetin activates the 
cyclooxygenase, which activates the production of local 
prostaglandin[28]. Earlier studies have demonstrated that 
emodin and aloe emodin possess anti-ulcer properties, and 
the flavonoids, particularly quercetin, possess antioxidant, 
anti-inflammatory, and anti-ulcer activities[21]. Hence, 
these active constituents present in the aqueous ethanol 
extract of R. spiciforme and its butanol fraction might play 
vital roles in suppressing the formation of ulcer.

5. Conclusions
Taken together, the aqueous ethanol extract of R. spiciforme 
possesses gastro-protective activity, on the basis of its 
capacity in suppressing ulcer formation in animal models 
and lowering gastric acid secretion. Furthermore, owing to 
the presence of emodin and aloe emodin, butanol fraction 
of the extract is more effective than other fractions in 
improving the ulcer-related parameters.
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Abstract
Malaria represents a major global health concern, primarily due to the emergence 
of resistance against most currently available antimalarial drugs. This pressing issue 
necessitates the discovery of novel antimalarial agents to combat the escalating 
resistance. A cyclin-dependent kinase (CDK)-like protein, Pfmrk, found in Plasmodium 
falciparum, plays a crucial role in regulating cell proliferation and exhibits a 36.28% 
sequence homology with its human counterpart hCDK7. Pfmrk forms a complex with 
plasmodial cyclin (Pfcyc-1) and stimulates kinase activity. Pfcyc-1 from P. falciparum, 
with the highest sequence homology to human cyclin (cyclin H), binds and activates 
Pfmrk in a cyclin-dependent manner. This discovery provides the first indication that 
cyclin subunits may regulate both human and plasmodial CDKs in a similar fashion. 
In this study, we conducted molecular docking and simulation analysis to investigate 
the interaction between Pfmrk and a selection of the FDA-approved drugs retrieved 
from the ZINC15 database. The top five drugs – Lurasidone, Vorapaxar, Donovex, 
Alvesco, and Orap – were screened based on their binding energies, with the best-
docked scores ranging between −8 kcal/mol and −12 kcal/mol. Further, evaluation 
through molecular dynamics simulations for 100 nanoseconds revealed that 
Lurasidone exhibited the highest binding affinity (−105.90 ± 57.72 kJ/mol) followed 
by Donovex (−92.877 ± 17.872 kJ/mol). They exhibited stable interactions with the 
amino acid residues located in the active site of Pfmrk. The results of the in silico 
investigation indicate that Lurasidone and Donovex exhibit antimalarial potential 
and could serve as promising Pfmrk inhibitors. Further, development of new drugs 
based on these findings warrants subsequent in vitro studies.

Keywords: Pfmrk; Plasmodium falciparum; Molecular docking; Drug discovery; Molecular 
dynamics

1. Introduction
The term “Malaria” originates from the Italian word “mal-aria,” signifying its 
association with the noxious air prevalent in regions characterized by stagnant, swampy 
environments. Malaria is primarily transmitted through the bites of female Anopheles 
mosquitoes carrying the infectious Plasmodium species, which belong to the eukaryotic 
unicellular organisms, classified under the Apicomplexa phylum[1]. Several Plasmodium 
species can infect humans, including Plasmodium falciparum, Plasmodium vivax, 

INNOSC Theranostics 
and Pharmacological Sciences

*Corresponding author: 
Abhishek Sahu 
(abhisheksahu.bce20@itbhu.ac.in) 

Citation: Sahu A, Handa T, Kundu 
D, 2024, Drug repurposing approach 
for identifying Pfmrk inhibitors 
as potential antimalarial agents: 
An in silico analysis. INNOSC 
Theranostics and Pharmacological 
Sciences, 7(1): 1313. 
https://doi.org/10.36922/itps.1313 

Received: June 15, 2023

Accepted: September 6, 2023

Published Online: November 2, 2023

Copyright: © 2023 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://doi.org/10.36922/itps.1313
https://doi.org/10.36922/itps.1313
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


Repurposed Drugs as inhibitors of Pfmrk

Volume 7 Issue 1 (2024)	 2� https://doi.org/10.36922/itps.1313 

INNOSC Theranostics and 
Pharmacological Sciences

Plasmodium ovale, and Plasmodium malariae. Among 
these, P. falciparum is associated with the most severe and 
potentially fatal cases of malaria. According to the World 
Health Organization (WHO), a staggering 300 – 500 million 
malaria cases are reported annually, with the majority of 
these cases occurring in Africa. High prevalence is also 
observed in regions such as India, Sri Lanka, Thailand, 
Indonesia, Vietnam, China, and Cambodia. In addition, 
malaria claims the lives of more than 2 million individuals 
each year[2].

The parasite’s complex life cycle involves plasmodial 
cyclin-dependent kinases (CDKs) and cyclin proteins for 
its persistence in both vertebrate and invertebrate hosts[3]. 
These proteins play essential roles in the parasite’s survival, 
both extracellularly and intracellularly. Plasmodial CDKs, 
such as Pfmrk, belong to the Apicomplex, a specific protein 
kinase subfamily analogous to CDKs. Pfmrk, akin to CDK7, 
functions as an upstream kinase, facilitating the activation 
of multiple CDKs during a cell cycle[4]. It is also known as 
a CDK-activating kinase due to this role. Pfmrk activates 
Cdkl, Cdk2, Cdk3, Cdk4, and Cdk6 by activating the 
C-terminal domain (CTD) of RNA polymerase II through 
its kinase activity, as shown in Figure  1. Pfmrk exhibits 
dual functionality in the regulation of gene expression 
and control of the cell cycle, rendering Pfmrk a promising 
candidate for drug targeting. Plasmodial cyclins, such as 
Pfcyc-1 from P. falciparum, share the highest sequence 
homology with human cyclin (cyclin H) and are involved 
in the activation of Pfmrk in a cyclin-dependent manner. 
Multiple studies have confirmed that the C-terminal 
domain of RNA polymerase II serves as an endogenous 

substrate of Pfmrk[5]. While it has been demonstrated that 
plasmodial CDKs can be inhibited by mammalian CDK 
inhibitors[6], the existence of CDK inhibitory proteins in 
Plasmodium remains undiscovered. Therefore, Pfmrk holds 
promise as a drug target in antimalarial drug screening.

In the present study, we have leveraged this foundational 
knowledge to determine the potential of selected drugs to 
interact with and potentially inhibit the Pfmrk protein. 
The extensive molecular docking and simulation study 
identified two promising candidate drugs. These drugs 
warrant further investigation in in vitro studies, with the 
aim of their potential addition to drug panels for malaria 
treatment in the future.

2. Materials and methods
2.1. Sequence homology between Pfmrk and hCDK7

Sequence homology between Pfmrk and hCDK7 was 
assessed through multiple sequence alignment, employing 
the Clustal Omega (1.2.4) tool (https://www.ebi.ac.uk/
Tools/msa/clustalo/). The Fast Amino Acid Sequence 
Search Tool (FASTA) sequence of Pfmrk (ID: P90584) 
and hCDK7 (ID: P50613) was retrieved from the UniProt 
database (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
Subsequently, the Clustal Omega tool was used to estimate 
the sequence identity between Pfmrk and hCDK7, as 
shown in Figure S1.

2.2. Protein preparation

In the absence of the experimental structure of the target 
protein Pfmrk, the FASTA sequence of the target enzyme 

Figure 1. Graphical representation of gene expression induced by Pfmrk through C-terminal domain activation of RNA polymerase II. Pfcyc-1 further 
activates Pfmrk in a cyclin-dependent manner, with the C-terminal domain of RNA polymerase II serving as a substrate.
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Pfmrk (ID: P90584) was retrieved from the UniProt 
database. To construct the protein model, the Galaxy 
TBM server[7] was employed, as shown in Figure  2. 
The model underwent validation using the SAVES v6.0 
server PROtein structure CHECKing (PROCHECK)[8] 
for Ramachandran plot analysis. The model featuring the 
highest percentage of residues in the most favored region 
was selected (Figure S2A). In addition, the model’s quality 
was validated using the PROSa webserver (Figure S2B). 
Subsequently, the modeled protein underwent energy 
minimization through SWISS Protein Data Bank (PDB) 
viewer software[9].

2.3. Active site identification and selection for 
molecular docking

The catalytically active site of Pfmrk comprises specific 
residues, including L16, M75, M91, I93, and F143, which 
collectively form a hydrophobic pocket for ATP binding[5]. 
In hCDK7, the ATP binding site and these five residues 
differ from those in Pfmrk, featuring distinct amino acids, 
including D16, I75, F91, F93, and L143 (Waters et  al., 
2000). To facilitate molecular docking, a grid box was 
prepared based on these five residues located within the 
active site of Pfmrk. Detailed information about the amino 
acids present in the protein’s docking site, along with their 
coordinates, are presented in Table 1.

2.4. Ligand preparation

A total of 1576 compounds available for purchase in the 
U.S. Food and Drug Administration-approved category 
were sourced from the ZINC 15 database, provided in 
MOL2 format (https://zinc.docking.org/substances/
subsets/fda+for-sale/). In accordance with Lipinski’s rule, 
these 1576 compounds were screened, and the removal of 
duplicates, empty structures (salts), isotopes, and inorganic 
compounds was carried out using the FAF drugs4 server[11]. 
This process yielded a final database containing 1467 
compounds. All compounds from ZINC15 were already 
in a ready-to-dock conformation. These compounds, 
provided in MOL2 format, were imported to PyRx software 
for energy minimization and subsequently converted to 
the PDB format with charges and atom types (PDBQT) for 
docking[12].

2.5. Molecular docking and compound screening

Molecular docking was conducted using MGLTools 
v.1.5.6 Autodock and Raccoon virtual screening tools[13]. 
The grid was centered on the active site of Pfmrk that 
contains amino acid residues, and the grid box was 
constructed with the following coordinate dimensions: 
center_ x = 266.09, center_y = 319.852, center_z = 310.061, 
size_x = 60, size_y = 54, size_z = 54. The principal docking 

protocol incorporated AUTODOCK4 in conjunction with 
the Lamarckian Genetic Algorithm[13,14]. The compound 
selection was based on two criteria: the lowest binding free 
energy (kcal/mol) and the presence of the combination 
with the highest number of clusters for each compound.

2.6. Molecular dynamic simulation research

Molecular dynamic simulations were conducted to validate 
the docking results for Pfmrk and the protein-ligand 
complexes. Using GROningen MAchine for Chemical 
Simulations (GROMACS) v 2018.8, the top five drugs were 
subjected to simulation as a positive control. The PRODRG 
server version 2.5[15,16] was employed to produce boundary 
and topographic files for the ligands using the GROMOS 
force field. The GROMOS 54a7 force field was deployed 
to prepare both the Pfmrk and ligand complexes. To 
ensure an appropriate solvation environment, SPC/E water 
molecules were added to our system, enclosing it within a 
cubic frame with a dimension of 1.2 nm[17].

During the ionization step, the system was neutralized 
by adding the appropriate number of Na+ and Cl-  ions. 
Energy minimization for all systems was performed with 
an acceptance of 1000  kJ/mol, and a maximum number 
of steps was set at 50,000. The particle mesh Ewald 
(PME) method was deployed to establish a cutoff value of 

Figure  2. Modeled structure of Pfmrk obtained through Galaxy TBM 
Web server.

Table 1. Detailed information about the docking proteins, 
docking sites, and their corresponding coordinates and 
references

Pfmrk protein sites Coordinates (X, Y, Z) Reference

Docking site:
Phe15, Lys23, Met91, 
ILe93, Tyr96, Ser138, 
Ala140, and Phe143

X_266.09, Y_319.852, Z_ 310.061 [5]

ATP binding site:
Leu16, Met75, Met91, 
Ile93, and Phe143

X_266.09, Y_319.852, Z_310.061 [10]
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1.2 nm for both long-range and short-range interactions. 
In addition, the equilibration procedure for number of 
particles, volume, and temperature (NVT) and number of 
particles, pressure, and temperature (NPT) was performed 
for 1 ns. During this equilibration, the particle number, 
volume, and temperature were held constant during 
the post-energy minimization. NVT equilibration was 
performed using the Berendsen thermostat[15,18] operating 
with a coupling constant of 0.002 fs at a temperature 
of 300 K. To identify long-range interactions, the PME 
method[19] was employed with a cutoff value of 1.2  nm 
and a Fourier spacing of 0.16 nm. For NPT equilibration, 
various parameters, including particle count, pressure, 
and temperature, were fixed. Successful NPT equilibration 
required the use of the Berendsen isotropic pressure, a 
time constant of 2 fs, a pressure bar of 1, and isothermal 
compaction of 4.5 × 10-5 bar. Following the completion 
of both equilibration steps, simulations for each system 
were executed for 100 ns with a time step (dt) of 2 fs and 
a leap-frog integrator[15]. Finally, the simulation results of 
all the systems were analyzed using standard commands 
within the GROMACS platform. The LINear Constraint 
Solver (LINCS) algorithm was used to restrain all bond 
lengths[14,20].

2.7. Molecular mechanics Poisson-Boltzmann 
surface area analysis

The molecular mechanics Poisson-Boltzmann surface 
area (MM-PBSA) method was performed using the 
gmx_MMPBSA tool and the pbsa.mdp script to evaluate 
the free binding energy of the top five drugs binding to 
Pfmrk, along with their respective binding modes. In 
an effort to optimize computational efficiency, the free 
energy evaluation was carried out for the final 40 ns of the 
simulation run. Dielectric constants for both solute and 
solvent were set at 2 and 80, respectively[14,21,22].

2.8. Visual analysis

The Discovery Studio Visualizer software was used to 
generate a two-dimensional diagram representing potential 
interactions within the protein-ligand complex, which 
serves as a valuable resource for further study (Dassault 
Systemes BIOVIA 2020). Potential hydrophobic interactions 
were analyzed using Protein-ligand Interaction Profiler[14].

3. Results
3.1. Docking results

As mentioned earlier, the active site of Pfmrk includes 
non-conserved amino acids, namely, Phe15, Leu16, Lys23, 
Met75, Met91, ILe93, Tyr96, Ser138, Ala140, and Phe143. 
The maximum number of amino acids was enclosed 

within the grid box. The top five drugs – Lurasidone, 
Vorapaxar, Donovex, Alvesco, and Orap – exhibited the 
lowest binding energy and demonstrated the maximum 
possible interaction with the amino acids situated within 
the enzyme’s active site (Figure 3).

Among these top five drugs, Lurasidone was found 
to exhibit the lowest binding energy of −12.03 kcal/mol 
with an inhibitor constant (Ki) of 1.52 nM. Lurasidone 
forms a non-covalent interaction (alkyl and pi-alkyl) 
with two critical residues, Ala140 and Phe143, located 
within the enzyme’s Protein Active Site (PAS). Vorapaxar 
exhibited a binding energy of −10.06 kcal/mol with a Ki 
of 39.14 nM. Its interaction with the enzyme involves 
a non-covalent interaction (pi-alkyl) with the essential 
residue Ile93. Besides these two drugs, Donovex, Alvesco, 
and Orap exhibited higher binding energy with higher 
Ki value. These drugs show non-covalent interactions 
(alkyl and pi-alkyl) with Phe143 and Ala140 key residues 
within the PAS of the enzyme. Furthermore, a significant 
non-covalent interaction  was observed between Pfmrk 
and the drug in the ATP-binding region and around our 
ligand-binding site. A  comprehensive overview of these 
interactions, binding free energy, and Ki, as determined 
through molecular docking, are shown in Table 2.

3.2. Molecular simulation

The Pfmrk and its associated ligand complexes were 
simulated for 100 ns, during which five different types of 
analysis were performed to validate the docking results. To 
assess the overall stability of the systems, the root-mean-
square deviation (RMSD) curve was obtained for both 
Pfmrk and the holoprotein clusters using the gmx_rms 
tool. Throughout the simulation, the gmx_gyrate tool was 
used to calculate the radius of gyration (Rg) of the system. 
In addition, the root-mean-square fluctuation (RMSF) 
for the total protein and complex was assessed using the 
gmx_rmsf tool. To gain insights into the stability of the 
Pfmrk and complex, the mean number of hydrogen bonds 
between them was calculated using the gmx_hbond tool. 
An atomic distance cutoff of 0.35 nm was set between the 
donors and acceptors.

3.3. RMSD, Rg, and RMSF

The comparison of the RMSD curves between Pfmrk and 
the other five complexes indicates a close resemblance 
between the Vorapaxar curve and that of Pfmrk. All five 
drug complexes exhibited minimal fluctuations, with the 
curve of all the drugs converging within the range of 0.3 to 
0.5  nm. Alvesco and Donovex demonstrated exceptional 
stability throughout the entire simulation run of 100 ns. 
The Orap complex exhibited sudden fluctuations up to 40 
ns, after which the RMSD remained stable (Figure 4A). In 
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terms of Rg, all five complexes displayed a higher degree of 
compactness compared to Pfmrk. Among them, Donovex, 
Vorapaxar, and Alvesco exhibited the highest degree of 
compactness, with the highest deviation of 2.12 nm. Orap 
and Lurasidone displayed Rg curves resembling that of 
Pfmrk, which converge at around 2.22 nm (Figure 4B).

According to the docking results, Alvesco and Donovex 
form a non-covalent interaction with the Ala140, Phe143, 
and Leu16 residues within the active site of Pfmrk. This 

interaction results in a reduction of the RMSF curve within 
the range of residues 15 – 143. Meanwhile, Lurasidone 
exhibits a superior RMSF curve trajectory within the entire 
amino acid stretch of 15 – 143 (Figure 5).

3.4. Solvent-accessible surface area (SASA) and 
hydrogen bonding

The SASA results for all protein-ligand complexes 
exhibited lower values than Pfmrk, indicating a strong 

Table 2. Details of various drugs, their binding energy, Ki values, and interactions with active site residues

FDA‑approved 
drug

Free binding 
energy (kcal/mol)

Inhibition 
constant (Ki)

Hydrogen bond 
interactions

Non‑covalent bond interactions

Lurasidone −12.03 1.52 nM Lys 39, Lys 100, Gly 22 Leu 16, Val 24, Phe 143 pi‑alkyl, Ala 140, Asp 154 (2), lys39 
pi‑anion, Gly 19 pi‑sigma

Vorapaxar −10.06 39.14 nM Lys 26, Glu 18, Asp 15, Ile 93 Pi‑alkyl, Tyr 21, Gly 19 C‑H bond, Met 94, Leu 16 pi‑sigma

Donovex −8.69 429.05 nM Met 94 (2), Asp154 Leu 16, Ala 140, Phe 143 (2), Va l24, Ala 37

Alvesco −8.68 435.75 nM Asn 141, Lys 100 Val 24 (2), Ala 37, Ala 140, Phe 143

Orap −8.46 633.3 nM Asp 154, Asp 97 Lys39 (2), Phe143 (2) Pi‑Pi stacked, Ala37 pi alkyl,  
Met41 Pi cation, Val24, Lys39

Figure 3. 2D Interaction of Pfmrk with (A) Lurasidone, (B) Vorapaxar, (C) Donovex, (D) Alvesco, and (E) Orap, as visualized in Biovia Discovery studio 
visualizer.

D

CBA

E
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binding affinity between the ligands and Pfmrk, 
consequently increasing the compactness of Pfmrk. These 
SASA results are presented in Table S1. Simultaneously, 
the Pfmrk was found to be more folded in the presence 
of ligands. The Pfmrk complexed with Donovex displayed 
the lowest SASA value, which contributed to the increased 
compactness of Pfmrk. The hydrogen bond (H-bond) 
analysis of all protein-ligand complexes is represented in 
Table S2. H-bond analysis conducted using MD simulation 
reveals that Alvesco forms three hydrogen bonds with 
Lys100, Ser138, and Ala140 and forms an average of one 
hydrogen bond with the amino acid residues within the 
active site of Pfmrk.

In contrast, the docking result for Alvesco also reveals 
the formation of one H-bond (Lys100) under static 
conditions, as evidenced in our docking results. Donovex 
forms a more extensive network of hydrogen bonds with 
amino acids (Met 94, Asp154, Ile 93, Ser138, Ala140, and 
Phe143). In addition, it forms an average of one H-bond 

with the residues within the active site of our Pfmrk. 
Furthermore, the docking result for Donovex forms a two-
H-bond (Met 94 and Asp 154). In the case of Lurasidone, 
it forms hydrogen bonds with specific amino acids (Gly22, 
Lys39, and Lys100). Furthermore, it forms an average one 
H-bond with the residues within the active site of our 
Pfmrk, whereas the docking results for Lurasidone also 
indicate the formation of a three-H-bond with Gly22, 
Lys39, and Lys100. Our results indicate that the hydrogen 
bonds observed during the docking phase often exhibit 
instability over the course of an extended simulation 
period. The presence of stable hydrogen bonds is necessary 
for maintaining stable protein-ligand interactions.

Orap forms two hydrogen bonds with specific amino 
acids (Lys23 and Asp154) and forms an average of two 
H-bonds with residues within the active site of our Pfmrk. 
Conversely, the docking result for Orap indicates the 
formation of a one-H-bond with Asp154. In comparison, 
Vorapaxar forms one H-bond with amino acids (Glu18, 

Figure 4. Analysis of the RMSD and Rg results obtained from a molecular dynamics simulation. (A) A comparison of the RMSD trajectories for 100 ns of 
all protein-ligand complexes and Pfmrks. (B) A comparison of the Rg values for each protein-ligand complex and the Pfmrk over a 100 ns period.

BA

Figure 5. Analysis of the root-mean-square fluctuation (RMSF) results obtained from a molecular dynamics simulation. (A) A comparison of all six 
drug complexes and the Pfmrk RMSF values for a 100 ns course. (B) A comparison of the RMSF values for the active site residues of each of the six drug 
complexes and the Pfmrk for a 100 ns course.

BA
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Lys26, Tyr96, and Lys100) within the residues of our 
binding site. This is in contrast to our docking result, 
which indicated the formation of two H-bonds with Lys 
26 and Glu18.

3.5. Secondary structure analysis

The comparative analysis of Dictionary of Protein 
Secondary Structure (DSSP) secondary structures for both 
Pfmrk and the ligands was calculated using molecular 
dynamics simulation and is summarized in Table S3. The 
secondary structure analysis of Pfmrk reveals similar 
content in terms of β-sheet, β-bridge, bend, turn, α-helix, 
5-helix, and 3-helix when compared to the ligands. In 
addition, Alvesco and Donovex exhibit a broader range of 
secondary structures, encompassing coil, β-sheet, β-bridge, 
and bend. This observation suggests that these ligands have 
maximum non-covalent interactions with Pfmrk. Orap 
demonstrates a more significant turn content, signifying 
its contribution to enhancing protein compactness relative 
to the other ligands.

3.6. MM-PBSA free energy analysis

The total free binding energy for Donovex was determined 
to be −92.87 ± 17.87 kJ/mol, while Lurasidone exhibited a 
slightly higher value of −105.9 ± 57.72 kJ/mol. These energy 
values were notably higher than those of the other ligands, 
as indicated in Table 3. Donovex and Lurasidone emerged 
as the primary contributors to van der Waals forces, 
underscoring the significance of hydrophobic interactions 
in our protein-ligand interactions. In addition, these two 
ligands were observed to exert a notable influence on 
promoting a more folded state of Pfmrk. Their strong 
binding affinity was evident through their ability to bind 
to the protein’s active site and other binding regions with 
relatively higher binding affinity, as reflected in their 
considerably low binding energy values.

4. Discussion
Malaria remains one of the most dreaded public health 
concerns, exerting a significant global impact. One of 
the world’s most affected regions by malaria includes 

certain regions of Africa, where both children and 
pregnant women are primarily affected. The spread of this 
deadly disease is influenced by local hygiene and overall 
environmental conditions. Organizations like the WHO 
and other leading research institutions continuously strive 
to improve living conditions and bolster our ability to 
combat this disease[23-25]. There are two most important 
strategies for controlling this condition: vector control, 
which is highly dependent on our living environment, and 
the development of medicine or vaccines. Although the 
first vaccine developed for malaria, RTS, S, shows promise, 
its impact on transmission remains limited, which, in turn, 
does not significantly affect endemicity[26,27]. The most 
pressing challenge in managing cases of malaria is the 
increasing resistance to the current panel of drugs. Drug 
resistance and cross-resistance among drug combinations 
are prompting the scientific community to explore 
alternatives beyond the current array of medications. The 
review by Pandey et al. provides an updated account[23]. 
As a result, there is an urgent need to identify alternatives, 
particularly in the most affected regions, including several 
third-world countries. Therefore, a drug repurposing 
strategy could be an effective means to screen drugs and 
expedite the drug development process.

This in silico study aims to identify the potential 
FDA-approved drugs that could target the Pfmrk protein 
kinase. Through the utilization of molecular docking 
and subsequent molecular dynamics simulations, we 
focused on gaining insight into the binding interactions 
between these screened drugs and Pfmrk’s ATP binding 
site. Our approach particularly focused on the unique 
characteristics of the active site, marked by the presence 
of critical residues such as Leu16, Met75, Met91, Ile93, 
and Phe143. Our findings highlighted the critical role 
of H-bonds, hydrophobic interactions, and other non-
covalent interactions in establishing robust ligand-protein 
binding.

Given Pfmrk’s dual function in both P. falciparum 
cellular replication and its overall life cycle, targeting ATP 
binding has emerged as a potential strategy to inhibit its 
kinase activity. Through rigorous analysis, we identified 

Table 3. Comprehensive comparative analysis of energetic components in protein‑drug complexes formed post‑simulation

Ligands van der Waal 
energy (kJ/mol)

Electrostatic 
energy (kJ/mol)

Energy of 
solvation (kJ/mol)

SASA energy 
(kJ/mol)

Binding energy 
(kJ/mol)

Alvesco −121.789±69.283 −1.518±7.973 65.713±46.072 −13.350±7.725 −70.944±54.776

Donovex −126.353±20.061 −2.796±2.679 51.327±15.995 −15.054±2.503 −92.877±17.872

Lurasidone −127.589±64.217 −7.726±7.060 40.816±23.777 −11.408±5.727 −105.907±57.728

Orap −103.655±100.467 −3.910±6.977 42.897±56.765 −9.701±9.853 −74.369±75.259

Vorapaxar −5.003±28.557 −0.642±4.782 16.218±40.884 −0.269±4.157 10.304±41.271

Abbreviation: SASA: Solvent‑accessible surface area.
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five FDA-approved drugs – Lurasidone, Vorapaxar, 
Donovex, Alvesco, and Orap – as potential inhibitors 
due to their strong binding affinities and favorable 
energy profiles. Furthermore, the original use and year 
of approval of the FDA-approved drugs is summarized in 
Table S4. Remarkably, Donovex and Lurasidone yielded 
the most promising results, characterized by non-covalent 
interactions with critical residues such as Leu16, Ala140, 
Phe143, Ile93, and Phe143.

Molecular dynamics simulations provided additional 
validation for our molecular docking results. These 
simulations confirmed that Donovex and Lurasidone 
exhibited strong binding to the ATP binding site, as 
indicated by our analysis of RMSD, RMSF, Rg, SASA, 
H-bonding, and MM-PBSA study. These interactions, 
particularly key residues Ile93 and Phe143, highlighted 
their potential to inhibit ATP binding, subsequently 
affecting Pfmrk kinase activity and, ultimately, the 
transcription machinery.

Significantly, our research addressed the pressing 
need for new antimalarial targets in light of the growing 

resistance of P. falciparum parasites to existing drugs. 
Pfmrk has emerged as a promising target, exhibiting a 
sequence homology of 36.28% with hCDK7. The significant 
differences between these proteins further highlighted the 
potential for drug development without harming the host.

5. Conclusion
In this study, we conducted an investigation to explore 
the potential repurposing of FDA-approved drugs 
against the Pfmrk protein, a modeled target. Our study 
identified Alvesco, Donovex, Lurasidone, Orap, and 
Vorapaxar as potential candidates among FDA-approved 
drugs, demonstrating strong binding affinities with 
Pfmrk. Molecular docking and simulation studies further 
revealed that Donovex and Lurasidone exhibit potential 
as inhibitors of the modeled Pfmrk protein, acting by 
binding to its ATP-binding site. The results suggest that 
Donovex and Lurasidone have the potential to function 
as kinase inhibitors, making them valuable candidates for 
further investigation in the context of Pfmrk inhibition. 
An overview of the entire process involved in this study is 
illustrated in Figure 6.

Figure 6. An overview of the entire process involved in this study.
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In conclusion, our work underlines the significance 
of targeting Pfmrk as a potential antimalarial strategy. 
These findings lay a promising foundation for further 
experimental validation and the development of novel 
antimalarial drugs.
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