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Implication for health policy/practice/research/medical education:
The demonstrated antiviral activity of thymoquinone and its synergistic interaction with acyclovir highlight its potential as a 
promising complementary therapeutic candidate against HSV-1 infection. These findings support further investigation into 
thymoquinone-based combination therapies to enhance antiviral efficacy, reduce the required drug doses, and minimize the 
development of drug resistance. Future studies are warranted to evaluate its safety, clarify its mechanisms of action, and assess 
its translational applicability.
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Introduction: Drug resistance has heightened the demand for natural antiviral agents. 
Thymoquinone (TQ), a major bioactive component of black seed oil, has demonstrated 
antiviral activity in numerous studies. However, its potential efficacy against herpes simplex 
virus type 1 (HSV-1) has not been extensively explored. This research aimed to assess the in 
vitro antiviral effect of TQ and its synergistic relationship with acyclovir against HSV-1.
Methods: In this experimental study, the cytotoxic effects of TQ and acyclovir on Vero cells 
were evaluated using the MTT test. The antiviral activity of TQ and acyclovir with sub-cytotoxic 
doses and combinations with TQ (CC10) on HSV-1 virus replication was investigated using 
both MTT and 50% tissue culture infectious dose (TCID50) assays. Compusyn software was 
used to analyze the combination index (CI) of TQ and acyclovir.
Results: The 50% cytotoxic concentration (CC50) values of acyclovir and TQ were calculated to 
be 537.7 and 57.5 μM, respectively. The 50% inhibitory concentration (IC50) values of acyclovir, 
TQ, and acyclovir together with 10 μM TQ (CC10) were obtained to be 0.25, 13.38, and 0.04 
μM, respectively. Based on the TCID50 findings, both drugs, whether used separately or in 
combination, significantly diminished viral titers. Synergistic effects were identified at most 
concentrations, with the strongest synergy observed at 0.3 μM TQ in combination with 0.03 
μM acyclovir.
Conclusion: TQ possesses potent antiviral activity against HSV-1 virus and has synergistic 
effects with acyclovir to inhibit virus replication. Further studies need to be carried out to assess 
its utility and safety profile.
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A B S T R A C T

Introduction
The herpes simplex viruses (HSVs) are among the 
widespread human pathogens, known to establish lifelong 
latent infections within hosts that can periodically recur 
(1,2). They cause a range of infections, varying from mild 

to severe, including mucocutaneous herpes infection, 
genital herpes infections, herpes simplex encephalitis, 
recurrent miscarriage, and meningitis. The manifestation 
of these infections shows variability according to several 
factors, such as how the virus enters the human host, how 
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strong the host’s immunity is, and if this is a primary or 
recurrent episode. Amongst hosts with reduced immunity 
and babies, HSV infections often lead to excruciating and 
debilitating rashes on the skin that can prove to be life-
threatening themselves (2,3). Acyclovir and its derivatives 
are established as first-line therapeutic agents for HSV 
infections. However, sustained or frequent administration 
of acyclovir has been associated with an increased 
incidence of acyclovir-resistant HSV strains (4). The 
emergence of drug resistance in HSV presents a significant 
clinical challenge, particularly in immunocompromised 
individuals. These patients often necessitate prolonged 
antiviral regimens, and this, coupled with persistent viral 
replication, escalates the risk of resistance development. 
The restricted repertoire of available antiviral drugs for 
HSV infections further complicates the management of 
drug-resistant cases. Moreover, current antiviral agents are 
known to induce various adverse effects. Consequently, 
the identification of natural antiviral compounds 
exhibiting fewer side effects or the implementation of 
combination therapies utilizing diverse antiviral drugs 
holds considerable importance (1).

Numerous studies have demonstrated the significant 
impact of herbal medicines in the safe treatment of HSV 
infections (5-7). Among herbal antivirals against HSV 
are Aloe vera extracts (8), Equisetum arvense L. and clove 
(Syzygium aromaticum) (5). Medicinal plants can serve as 
potent alternatives in acyclovir-resistant HSV infections. 
Further studies are required to discover new uses of 
antiviral medications, such as structure refinement, 
synergy between herbal medicine and acyclovir, and 
confirmation of evidence regarding in vitro and animal 
studies (7,9). 

Thymoquinone (TQ) is a monoterpene and is identified 
as the main active compound in Nigella sativa oil, which 
is synthesized via the oxidation of thymol under an acidic 
medium with the help of manganese oxide. TQ possesses 
promising therapeutic uses against a wide range of 
diseases (Figure 1).

It has been proven that TQ possesses antiviral properties, 
especially against the Ebola virus, influenza virus, human 
immunodeficiency virus, and Zika virus (10). 

Combination therapy involving the use of many 
pharmacological agents offers substantial advantages 
compared to the use of one drug alone. Using a 
combination of drugs decreases the likelihood of drug-

resistant mutations and reduces the potential for toxicity, 
since smaller doses of each drug can be used. Drugs used 
in combination treatments should also have different 
mechanisms of action, taking into consideration the 
seriousness of the disease in question (9). Given the 
documented antiviral properties of TQ against a wide 
variety of viruses and the lack of studies focusing on 
its anti-herpesvirus properties, this laboratory-based 
experiment examined the antiviral activity of TQ and its 
synergistic interaction with acyclovir against HSV-1.

Materials and Methods
Cells and viruses
Vero cells provided by the Cell Bank of the Pasteur 
Institute of Iran were used for HSV-1 propagation. HSV-1 
(KOS strain) was provided by the Virology Laboratory at 
SKUMS (Iran). A virus stock was prepared on Vero cells, 
and the virus titer was determined as 50% tissue culture 
infectious dose (TCID50)/mL based on the cytopathic 
effects (CPEs) in Vero cells. The infective titer of the stock 
solution was 106/7 TCID50/mL. Acyclovir (Sigma, USA) 
and TQ (Sigma-Aldrich, USA) were solubilized initially 
in dimethyl sulfoxide (DMSO; Samchun Chemical, 
Korea), followed by dilution in phosphate-buffered saline 
(PBS) to achieve a uniform, stable stock solution. The 
final concentration of DMSO in cell culture media was 
maintained below 0.02%.

Evaluation of cytotoxicity 
The cytotoxic effects of the compounds on Vero cells 
were tested using the MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; Sigma, USA] assay 
prior to antiviral testing in order to determine their non-
toxic concentrations. In summary, confluent Vero cell 
monolayers grown in 96-well plates were treated with 
100 µL of the compounds at various concentrations and 
incubated for 48 hours. After this time, 50 µL of MTT 
solution (1 mg/mL in  PBS) was added to each well, and 
incubation continued for a further 4 hours at 37 °C. The 
medium was then removed and replaced with 100 µL of 
DMSO to solubilize the formazan crystals. The plates 
were then shaken for 15 min, after which the absorbance 
was measured at 640 nm using a microplate reader 
(StataFax 2100, USA). Cell viability was determined by the 
equation: Toxicity (%) = [100 − (OD treated /OD control) 
× 100]. The 50% cytotoxic concentration (CC50) and 
the 10% cytotoxic concentration (CC10) were calculated 
from the dose–response curve by regression analysis 
using GraphPad software (5,11). CC10 was considered the 
maximum non–toxic concentration for antiviral assays in 
the combination therapy of TQ and acyclovir (12).

Evaluation of antiviral activity by MTT assay
The antiviral activity of the tested compounds was 
determined by the MTT colorimetric assay, which 
is the basis for reduction of CPE induced by HSV-1. Figure 1. Chemical structure of thymoquinone.
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Briefly, confluent Vero cell monolayers grown in 96-well 
microplates were infected with 100 TCID50 of HSV-1 
for one hour. Following the adsorption period, the viral 
solution was removed and the cells were treated with 100 
µL of culture medium containing different non-cytotoxic 
concentrations (below the CC50) of acyclovir, TQ, or their 
combinations. Combination treatments included different 
concentrations of acyclovir with a concentration of CC₁₀ 
of TQ. The CC₁₀ value, representing the maximum non-
toxic concentration, was designated as the reference 
point for evaluating antiviral activity (12,13). Untreated 
cell controls (no virus or drugs) and virus controls 
(virus only without treatment) were performed at each 
step to confirm the validity of the assay. After a 48-
hour incubation period at 37 °C in a humid atmosphere 
containing 5% CO2, cell viability was measured using 
the MTT assay as described earlier. The viral inhibition 
percentage was calculated as follows: Antiviral activity 
(%) = [(OD treated—OD positive control) / (OD cell 
control—OD virus control)] × 100. All experiments were 
done in triplicate. The 50% inhibitory concentration 
(IC50), which is defined as the concentration of compound 
that blocks viral replication by 50%, was calculated from 
the dose-response curve by utilizing regression analysis in 
GraphPad software. SI, calculated as the ratio of CC50 to 
IC50, was used to assess the therapeutic potential of each 
compound as an antiviral candidate (5).

Evaluation of antiviral activity by the TCID50 assay
The antiviral activity of acyclovir, TQ, or their 
combinations was further investigated by determining 
their effect on viral infectivity by the TCID50 method. 
Briefly, confluent Vero cell monolayers grown in 48-
well microplates were incubated with 200 µL of culture 
medium containing different noncytotoxic concentrations 
of the compounds (below the CC50) in the presence of 
100 TCID50 of HSV-1. Following incubation at 37°C in 
a humidified atmosphere with 5% CO2 for 48 hours, 
supernatants from each well were separately harvested for 
viral titration. For the determination of viral titer, Vero 
cells were seeded in 96-well microplates and allowed to 
form confluent monolayers. Serial tenfold dilutions of 
the collected viral suspensions were prepared in culture 
medium containing 2% fetal bovine serum (FBS, Gibco), 
and 100 µL from each dilution was added to the wells. The 
plates were further incubated at 37 °C with 5% CO2 until 
characteristic CPE appeared. The viral titer, expressed 
as TCID50/mL, was estimated using the Reed–Muench 
formula (14). This assay made it possible to measure the 
reduction of infectious viral particles in the presence of 
each compound, providing another determination of their 
antiviral activity (15). 

Evaluation of synergistic effects using CompuSyn software
HSV-1-infected Vero cells were treated with different 
concentrations of acyclovir and TQ, alone and in 

combination, for a period of 48 hours. Afterwards, the viral 
growth inhibition percentage was determined by using 
the MTT assay as mentioned previously. The interaction 
between acyclovir and TQ was calculated by CompuSyn 
software, version 1.0. The combination index values were 
calculated with this software, and the experiments were 
done in triplicate. The combination index was interpreted 
as follows: A CI value less than 1 is considered synergistic; 
a value of exactly 1 is additive, whereas a combination 
index value greater than 1 suggests an antagonistic effect 
between compounds tested (16).

Data analysis 
All the experiments were done in triplicate, and the data 
were expressed as mean and 95% confidence interval (CI). 
IC50 and CC50 values were obtained by nonlinear regression 
analysis using GraphPad Prism version 6.0 (USA). The 
combination index for drug interaction was analyzed 
with CompuSyn software version 1.0 (ComboSyn Inc., 
Paramus, NJ, USA).

Results
Cytotoxicity and antiviral activity using MTT assay
As estimated by nonlinear regression analysis of the MTT 
assay, there was a significant difference (P < 0.05) between 
the tested concentrations of the compounds regarding 
Vero cell viability. The CC50 values were 537.7 µM (95% 
CI: 448.7–705.7) for acyclovir and 57.5 µM (95% CI: 38.6–
84.6) for TQ (Figure 2).

Figure 2. The cytotoxicity effects of acyclovir and thymoquinone. 
Cytotoxicity was evaluated using the MTT assay. All experiments were 
performed in triplicate, and the results are presented as the mean± SD; a: 
Acyclovir, b: Thymoquinon.
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Antiviral activity was tested by an MTT-based CPE 
reduction assay. The IC50 values determined for acyclovir, 
TQ, and acyclovir combined with the CC10 concentration 
of TQ were 0.25 µM (95% CI: 0.156–0.39), 13.38 µM (95% 
CI: 10.95–16.67), and 0.04 µM (95% CI: 0.026–0.05), 
respectively (Figure 3).

These findings indicate that TQ exhibits significant 
antiviral activity against HSV-1 in vitro at an SI of 4.3. In 
addition, the co-administration of 10 𝜇M TQ (cc10) with 
acyclovir resulted in a sixfold decrease in the effective 
dose of acyclovir.

Antiviral activity by the TCID50 method 
The TCID50 method was used to determine the viral titer 
in this study. The outcome showed that the administration 
of acyclovir and TQ significantly reduced viral titers. 
Concurrent administration of acyclovir and TQ also 
enhanced the reduction of viral titer compared to acyclovir 
administered alone at most tested concentrations (P < 
0.05; Figures 4 and 5).

Synergistic effect analysis 
In an attempt to understand the potential synergistic 
effect of acyclovir and TQ against the HSV-1 virus, 
the present study was conducted using CompuSyn 
software under in vitro conditions. Acyclovir was tested 
within a concentration range of 0.03-3 µM, while for 
TQ it was within the range of 0.3-30 µM. The results 
indicated that the combination of acyclovir and TQ 

Figure 4. Comparison of viral titers at different concentrations of 
thymoquinone and acyclovir using the TCID50 assay. Statistical analysis was 
conducted using the Kruskal-Wallis test (*P < 0.05); a: Thymoquinon, b: 
Acyclovir, VC: Virus Control.

Figure 5. Comparison of viral titers at different concentrations of the 
acyclovir alone or combined with thymoquinone using the TCID50 assay. 
Results are expressed as the mean ± SD from three separate experimental 
replicates; VC: Virus Control.

Figure 3. Antiviral activity of acyclovir, thymoquinone, and their 
combination against HSV-1 based on MTT assay results. The experimental 
results are presented as the mean± SD, derived from two separate 
experiments with triplicate measurements in each; a: Thymoquinon, b: 
Acyclovir and acyclovir with CC10 of thymoquinone.

demonstrates a synergistic antiviral effect at most tested 
concentrations. Maximum synergy was observed with 0.3 
µM TQ combined with 0.03 µM acyclovir; the value of 
combination index obtained was 0.34 (Table 1). 

Discussion
The present study aimed to evaluate the in vitro antiviral 
effect of TQ and its synergistic relationship with acyclovir 

(a)

(b)
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against HSV-1. The experimental data indicated that 
exposure to 57.5 µM TQ for 48 hours resulted in a 
50% reduction in Vero cell viability. Furthermore, the 
compound suppressed viral replication within infected 
cells in a concentration-dependent fashion, with a half-
maximal inhibitory concentration (IC₅₀) determined to 
be 13.38 µM. In addition, TQ exhibited antiviral activity 
against HSV-1 in vitro, with a selectivity index of 4.3. 
According to the TCID50 results, treatment with TQ 
resulted in a significant reduction of viral titer, indicating 
an inhibiting effect on the replication of HSV-1.  The herbal 
compound TQ has been shown to exhibit a wide range of 
therapeutic properties, particularly antibacterial, antiviral, 
and antifungal activities (10, 17-19). While the specific 
anti-HSV efficacy of TQ or black seed oil has not been 
previously documented in the literature, contemporary 
research has elucidated its mechanism of action against 
other viral pathogens. He et al. reported that TQ could 
inhibit the entry of SARS-CoV-2 by targeting the host 
protein ADAM17 (20), while another comprehensive 
review highlighted its ability to modulate oxidative stress 
and inflammatory signaling pathways, such as NF-κB 
and MAPK, crucial for viral growth (21). Kumar et al. 
identified that TQ inhibits Chikungunya virus by affecting 
the envelope’s hydrophobic pocket (22), and Zihlif et al 
demonstrated that TQ suppressed the proliferation of 
Epstein–Barr virus in B cells (23). Moreover, in vivo 
studies conducted by Salem et al. have shown that Nigella 
sativa oil significantly reduces murine cytomegalovirus 
(MCMV) titers in infected mice, supporting further the 
potential antiviral activity of TQ (24).

Our results further showed that the combination 
of acyclovir with 10 µM TQ, which corresponds to its 
maximal non-cytotoxic concentration, significantly 
enhanced the antiviral activity of acyclovir, reducing its 
IC50 value by approximately 6-fold. This combination 
significantly decreased the HSV-1 viral titer compared 
with acyclovir alone. Synergy analysis using CompuSyn 
software revealed a synergistic relationship between TQ 
and acyclovir at several concentrations tested, with the 
most notable synergism observed at 0.3 µM TQ combined 
with 0.03 µM acyclovir. Collectively, these data suggest 

that TQ acts in synergy with acyclovir to inhibit HSV-1 
replication and may be useful as part of a combination 
therapy.

Preclinical studies have also documented the synergistic 
interactions between TQ and conventional drugs in 
various disease models. TQ enhanced the anticancer 
effect of cisplatin (25), doxorubicin (26), and paclitaxel 
(27) through increased sensitivity and reduced drug 
resistance of cancer cells. In addition, Özdal et al reported 
that TQ showed a synergistic antifungal effect with 
nystatin against several Candida species (28). In a similar 
vein, TQ was found to enhance the antibacterial action of 
antibiotics such as oxacillin, penicillin, and tetracycline, 
thereby reducing bacterial resistance (29).

Other studies have also been conducted using acyclovir 
as a combination therapy to improve efficacy and mitigate 
the emergence of viral resistance. Combination therapies, 
such as acyclovir with IFN-α, have proven to have more 
significant antiviral activity against HCMV than as a 
monotherapy (30). In a similar vein, the combination 
of acyclovir and CMX001 (a lipid-conjugated, orally 
bioavailable derivative of cidofovir) showed synergistic 
inhibition of HSV replication in cell cultures (31). Gong et 
al. also found that acyclovir combined with the pentacyclic 
triterpenoid betulin exhibited enhanced antiviral activity 
against HSV-1 and HSV-2  (32). Such combination 
therapies are advantageous as they can decrease the 
likelihood of drug-resistant viral strains emerging and 
lessen cytotoxicity by allowing for lower dosages of each 
drug.

Despite these promising findings, several considerations 
must be addressed. First, since the present study was 
conducted in vitro, in vivo validation using animal models 
is essential to evaluate pharmacokinetics, bioavailability, 
and tissue distribution, particularly in neural and epithelial 
tissues typically affected by HSV-1.  Second, mechanistic 
studies are warranted to elucidate the molecular pathways 
involved in viral replication. Given prior evidence that TQ 
modulates NF-κB, MAPK, and oxidative stress pathways, 
it is possible that its antiviral activity involves host-
directed mechanisms that complement acyclovir’s direct 
inhibition of viral DNA polymerase. Future studies should 
also assess TQ’s potential against acyclovir-resistant HSV 
strains. Furthermore, formulation development (e.g., 
TQ-loaded nanoparticles or topical gels) could enhance 
bioavailability and enable localized delivery, minimizing 
systemic toxicity.

This study has several limitations. As the experiments 
were conducted in vitro, the findings may not fully reflect 
in vivo conditions, including pharmacokinetics and host 
immune responses. In addition, the precise molecular 
mechanisms underlying the antiviral and synergistic 
effects of TQ were not investigated. Further studies are 
warranted to evaluate its efficacy in vivo and against drug-
resistant HSV strains.

Table 1. Synergistic effect of thymoquinone and acyclovir against HSV-1 as 
determined by CompuSyn software

Acyclovir (µM) Thymoquinone (µM) Combination index Result

3 30 0.47 Synergism

1 10 3.15 Antagonism

0.3 3 0.8 Synergism

0.1 1 0.6 Synergism

0.03 0.3 0.34 Synergism

The combination index interprets the drug interaction as: synergy 
(combination index < 1), additivity (combination index = 1), or antagonism 
(combination index > 1). The antiviral effect was measured using the MTT 
assay.
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Conclusion
In conclusion, this study revealed that TQ possesses 
significant antiviral activity against HSV-1 in vitro 
and acts synergistically with acyclovir to inhibit viral 
replication. These findings support the potential use of TQ 
as a promising adjuvant in combination therapy for the 
treatment of infections caused by HSV. However, further 
in vivo and clinical studies are needed to determine the 
therapeutic safety, efficacy, and molecular mechanisms of 
the TQ–acyclovir combination treatment.
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