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ABSTRACT

Turpentine is a renewable and resourceful forest product. The deep processing and utilization of turpentine, par-
ticularly its primary component f-pinene, has garnered widespread attention. This study aimed to synthesize
40 derivatives of f3-pinene, including nopinone, 3-cyanopyridines of nopinone, myrtanyl acid, myrtanyl
acylthioureas, and myrtanyl amides. We assessed the antiviral activities of these 3-pinene derivatives against influ-
enza virus A/Puerto Rico/8/34 (HIN1) using the 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
method. The -pinene derivatives were used before and after cellular infection with the influenza virus to evaluate
their preventive and therapeutic effects against the HIN1 virus. The results showed that only compound 100
exhibited a preventive effect against the HIN1 virus with a half-maximal inhibitory concentration (ICs) value
of 47.6 pmol/L. Among the compounds, 4e, 4i, and 4l demonstrated therapeutic effects against cellular infection,
with compound 4e displaying the most potent therapeutic effect (ICsq = 17.5 pmol/L), comparable to the positive
control ribavirin. These findings indicated that certain f-pinene derivatives exhibited in vitro antiviral activity
against the HIN1 influenza A virus, warranting further investigation as potential anti-influenza agents.
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1 Introduction

The coronavirus disease 2019 pandemic, which began in early 2020, has had a profound global impact,
resulting in widespread economic contraction, millions of confirmed cases, and a significant loss of lives [1].
Viruses have existed on Earth for hundreds of millions of years, and can cause various infectious diseases
posing a threat to human life and health. Influenza is a relatively common acute respiratory infection
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caused by the influenza virus. Unlike the common cold, it exhibits more intense symptoms and is highly
contagious, thus posing a higher risk of causing widespread epidemics. Tragically, seasonal influenza—
associated respiratory illnesses claim numerous lives worldwide every year [2].

Influenza viruses are generally divided into three types: influenza A, influenza B, and, less commonly,
influenza C. Among these, influenza A is the most infectious and pathogenic virus [3]. The “Spanish flu,” one
of the most devastating pandemics in history, was caused by the influenza A (HIN1) virus, resulting in the
death of approximately 50—100 million people, surpassing the casualties of World War I [4]. Notably, unlike
many influenza strains primarily affecting specific populations, such as children, elderly, and
immunocompromised individuals, influenza A (HIN1) viruses predominantly target young, healthy
adults. Symptoms commonly include fever, cough, sore throat, and typical influenza manifestations such
as headaches and generalized aches. Complications such as pneumonia, otitis media, and myocarditis
may arise in severe cases. Influenza vaccines and conventional antiviral drugs are widely used for
prevention and treatment in clinical practice. However, the emergence of a number of drug-resistant
HINT virus strains necessitates the urgent need to develop new anti-influenza A (HIN1) virus drugs, so
as to effectively combat the persistent threat posed by the HINT1 virus [5-7].

Plant essential oils offer numerous advantages including broad-spectrum antibacterial and antiviral
activities, minimal toxic side effects, and affordability [8—11]. Turpentine, a natural plant essential oil, is
abundantly available and represents one of the largest renewable resources globally. f-pinene is a
significant component of turpentine and is classified as a monoterpene secondary metabolite characterized
by its polycyclic, bridging ring and double bond structures. f-pinene can be synthesized into diverse
derivatives with substantial added value through various chemical reactions such as oxidation and
esterification. f-pinene derivatives exhibit various biological activities, including antimicrobial [12,13],
herbicidal [14], insecticidal [15], repelling [16], anticoagulant [17], and anticancer activities [18&].
However, only a few studies have reported on the potential of S-pinene derivatives against the influenza
A (HINT1) virus.

Therefore, this study screened 40 S-pinene derivatives to evaluate their inhibitory activity against the A/
Puerto Rico/8/34 (HIN1) virus and analyzed the preliminary structure—activity relationship between the
molecular structure and antiviral activity of these compounds. The findings of this study provided an
experimental basis for further research and might contribute to the development of effective drugs against
influenza virus infections. Additionally, these results might enhance the perceived value of f-pinene as a
potential anti-influenza virus drug in the pharmaceutical field.

2 Materials and Methods
2.1 Preparation of f-Pinene Derivatives

2.1.1 Materials and Structural Characterization Techniques

(-)-p-Pinene was purchased from Jiangxi Jishui Hongda Natural Spice Co., Ltd. (China), and other
reagents were purchased from Aladdin Industrial Corporation (Shanghai, China) and Macklin (Shanghai,
China) at analytical grade. All commercial reagents were used without further purification. f-Pinene
derivatives were confirmed by 'H nuclear magnetic resonance (NMR), '*C NMR, Fourier transform
infrared spectroscopy, and mass spectroscopy (MS), as described in the Supplementary Materials.

2.1.2 Synthesis of f-Pinene Derivatives

A total of 40 S-pinene derivatives, including nopinone (compound 2), 12 3-cyanopyridines of nopinone
(compounds 4a—41), myrtanyl acid (compound 6), 11 myrtanyl acylthioureas (compound 9a—9k), and
15 myrtanyl amides (compounds 10a—100), were synthesized following the method described in previous
studies [19,20]. Their synthetic routes are depicted in Fig. 1.
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Figure 1: Synthetic routes of the f-pinene derivatives

2.2 Evaluation of Biological Activity
2.2.1 Materials

The Madin—Darby canine kidney (MDCK) cells were obtained from the Institute of Biochemistry and
Cell Biology, Shanghai Institute of Biological Science, Chinese Academy of Sciences, China. The LO, and
HEK?293T cell lines obtained from the Key Laboratory of Pu-er Tea Science, Ministry of Education, were
purchased from Kunming Institute of Zoology, Chinese Academy of Sciences. All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GibcoTM, USA), supplemented with 10% fetal bovine
serum (FBS; GibcoTM, USA) and 1% Penicillin-Streptomycin (PS; GibcoTM, USA) at 37°C with 5%
CO, in a humidified atmosphere. The influenza virus A/Puerto Rico/8/34 was obtained from Southern
Medical University (Guangzhou, China). The experiments were performed using 100TCIDsyml .
Ribavirin, a reference antiviral drug, was purchased from Qianjiang Pharmaceutical Co., Ltd., Hubei,
China. The 40 tested compounds were dissolved in dimethyl sulfoxide (DMSO; Sigma—Aldrich, USA) at
0.1 M as stock solutions and kept at —80°C. The stock solutions were diluted serially in culture media
prior to use. The final concentration of DMSO in testing solutions was always lower than 0.1%. The
Trypsin-EDTA solution and 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Biosharp, China.

2.2.2 Initial in Vitro Screening of p-Pinene Derivatives for Antiviral Activities

The MTT method was employed to evaluate the antiviral activities of the f-pinene derivatives against
the A/Puerto Rico/8/34 strain of influenza virus. An initial in vitro antiviral screening was conducted at
concentrations of 50 and 100 umol/L to ensure cell viability and enable the compounds to exert their
antiviral effects at effective concentrations. These concentrations were selected to minimize potential
cytotoxicity while maximizing antiviral efficacy. The compounds were used before and after infection to
identify the compounds with antiviral effects. The methodology employed in this study was as follows:
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In the first experimental approach, drugs were used before contracting the virus. The MDCK cells in the
logarithmic phase were collected and trypsinized with 0.25% trypsin/0.02% EDTA. The cells were then diluted
into cell suspensions and inoculated into 96-well tissue culture plates at a concentration of 2 x 10° cells/well.
The plates were incubated in CO, incubators until a confluent monolayer of cells was formed. Next, the cells
were treated with the 40 tested compounds at concentrations of 50 and 100 umol/L. Each compound was tested
in triplicate wells. After a 12-h incubation at 37°C, the drug solution was removed. The MDCK cells were then
infected with 100TCIDs influenza virus A/PR/8/34 (HINT1) for 1.5 h at 37°C. Following viral inoculation, the
viral solution was replaced with a cell maintenance medium, and the cultures were continued at 37°C with
5% CO,. Negative control (no drug) and blank control (no virus, no drug) were included on each plate of
cells. When the cells in the negative control group exhibited cytopathic effect (CPE) of up to 80%, 20 uL
of 5 mg/mL MTT was added to each well, and the cultures were incubated for 4 h. After incubation, the
supernatant was removed and 150 pL. of DMSO was added to each well to dissolve the formed formazan
crystals. The absorbance (optical density) values of each well were measured using a microplate reader at a
wavelength of 570 nm.

For the second experimental approach, the virus was contracted before using drugs. The cells were
prepared following the same protocol as described previously. The MDCK cells were infected with a
dilution of the HINI virus (100TCIDsg) for 1.5 h at 37°C. After viral incubation, the viral solution was
discarded, and the tested compounds at concentrations of 50 and 100 umol/L were added to the wells.
Each compound was tested in triplicate wells. The plates were then transferred to a CO, incubator and
incubated at 37°C. The MTT test was carried out immediately when untreated cells showed CPE of up to
80% as an indicator of viral infection. The MTT test procedure was similar to that described earlier.

The viral inhibition rate was calculated using the following expression:

Inhibition (%) = (average test absorption — average negative control absorption/average blank control
absorption — average negative control absorption) x 100%

Compounds that exhibited an inhibition rate of >50% were identified as having some anti-influenza
virus activity, and their half-maximal inhibitory concentration (ICsq) values (concentration required for
50% inhibition) were determined in the subsequent step.

2.2.3 ICsg Values Calculated for p-Pinene Derivatives with Activity against Influenza Virus

The pS-pinene derivatives were serially diluted in concentrations of 3.125, 6.25, 12.5, 25, 50, and
100 pmol/L to determine the ICs, values of the selected compounds. The assay procedure described in
Section 2.2.2 was used with ribavirin as a positive control. The ICs values of the compounds were
calculated using the modified Karber method [21].

2.2.4 Cytotoxicity Assays

The cytotoxicity of the compounds on two human cell lines, LO, and HEK293T, was evaluated using
the MTT assay. The LO, and HEK293T cell lines were cultured and maintained in DMEM. Cells were seeded
at a density of 1 x 10* cells/well in a 96-well plate and allowed to attach and grow for 24 h. Upon reaching the
desired confluency, 10 pg/mL of the compound was added to the cell culture wells. The cells were then co-
incubated with the compound in a CO, incubator for 24 h. Untreated cell cultures were used as blank
controls. After the incubation period, 20 puL of the MTT solution (5 mg/mL) was added to each well and
further incubated for 2—4 h. Subsequently, the culture media in the wells were carefully removed, and
50 uL of DMSO per well was added to dissolve the formazan crystals. The absorbance of the wells was
measured at 570 nm using a microplate reader. This experiment was repeated three times to ensure
reliability. Cell viability was evaluated as the ratio of the absorbance of compound-treated wells to that of
untreated control wells. Higher absorbance values indicated greater cell viability, whereas lower values
suggested increased cellular toxicity.
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3 Results and Discussions

3.1 Chemistry

Compounds 4a—4l were 3-cyanopyridine derivatives, and they were synthesized efficiently through a
multicomponent reaction (MCR) involving aldehydes, ketones, ammonium acetate, and either
malononitrile or ethyl cyanoacetate [22]. However, as f-pinene, the starting material, was an alkene, it
could not directly participate in the MCR process. Therefore, a prior conversion into (+)-nopinone
(compound 2) was required, which possessed the reactivity for the desired reaction. This conversion was
accomplished by oxidizing f-pinene with potassium permanganate in acetone, offering a commendable
yield of 82% for (+)-nopinone. Then, the reaction of (+)-nopinone with aldehydes 3a—31, ammonium
acetate, and malononitrile in the presence of catalyst ytterbium triflate resulted in 3-cyanopyridines 4a—41
with 52%—87% yields.

Then, myrtanyl acid (6) was synthesized from f-pinene through a two-step process. First, f-pinene
underwent a hydroboration oxidation reaction to yield myrtanol (compound 5). Subsequently, myrtanol
was oxidized using the Jones reagent to obtain myrtanyl acid. In this study, the hydroboration of S-pinene
to generate an organoborane had to be conducted under strictly anhydrous conditions, and oxidation with
alkaline hydrogen peroxide yielded myrtanol with 96% yield. However, the myrtanol, with its bridge-ring
structure, was prone to ring opening during vigorous oxidation. To overcome this issue and synthesize
myrtle acid, we chose to oxidize myrtanol using a Jones reagent in glacial acetic acid of moderate acidity.
This method provided a yield of 24.5% for myrtanyl acid.

The synthesis of acylthiourea derivatives (compounds 9a—9k) and amide derivatives (compounds 10a—
100) involved the derivatization of myrtanyl acid based on the substructure splicing principle. A sequence of
target compounds was obtained by splicing an acylthiourea moiety or an amide moiety onto the pinane
skeleton. First, myrtanyl acid was converted into myrtanyl chloride (compound 7) using oxalyl chloride
as the acyl chloride reagent. This intermediate was then treated with potassium thiocyanate to synthesize
an isothiocyanate compound (compound 8). Next, the isothiocyanate compound was reacted with a series
of amines to give N-aryl-N’-myrtanyl acylthioureas 9a—9g with yields of 81%-83% or N-(4-aryl-
thiazolyl-2-y1)-N’-myrtanyl acylthioureas 9h—9k with yields of 8%—11%. In parallel, myrtanyl chloride
was reacted directly with various amines to produce a series of N-aryl myrtanyl acid amides 10a—10k
with yields of 84%—97% or N-(4-aryl-thiazolyl-2-yl)-myrtanyl acid amides 101-100 with yields of 16%—
28%. Thiourea was reacted with a series of a-bromoacetophenone to introduce thiazole ring into the
structures of acylthiourea and amide derivatives. This reaction generated 4-arylthiazol-2-amines, which
acted as important intermediates for the previously mentioned reactions.

The molecular structures of the products were confirmed by "H NMR, '*C NMR, infrared spectroscopy,
and MS. The findings were consistent with the expected results, which indicated that the target derivatives
4a—4l1, 6, 9a-9k, and 10a—100 were successfully synthesized in this study. The spectral data for these
compounds are provided in the Supplementary Materials.

3.2 Antiviral Activity against Influenza Virus A

3.2.1 Preventive Effects of p-Pinene Derivatives on A/PR/8/34 (HIN1) Virus Infection
The anti-influenza A virus activity of f-pinene derivatives was evaluated in vitro using the MTT assay.

The results of the blocking effect of pretreatment with S-pinene derivatives on cells infected with influenza
virus A/PR/8/34 (HIN1) are shown in Fig. 2.

As shown in Fig. 2, most f-pinene derivatives did not exhibit a preventive effect against the influenza
virus. Only compound 100 showed preventive activity against the HIN1 virus, displaying 49.8% inhibition
at a concentration of 50 pmol/L and 55.7% inhibition at a concentration of 100 pmol/L. The data presented in
Fig. 2 were analyzed to investigate the relationship between the structures of these derivatives and their
preventive activity.
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Figure 2: Preventive effects of f-pinene derivatives on A/PR/8/34 (HIN1) virus infection

First, in terms of the preventive activity of myrtanyl amide against influenza virus A (HIN1), compound
10e, which substituted the hydrogen at the para-position of the benzene ring with trifluoromethyl, exhibited
weak inhibition (17.1%) at a high drug concentration of 100 pmol/L, apart from compound 100. Examining
the structures of compounds 100 and 10e revealed that both contained fluorine atomic substituents. This
suggested that the presence of fluorine atomic substituents might contribute to the activity of the
derivatives. However, a further observation revealed that compound 10a with two fluorine atom
substituents and compound 10d with one fluorine atom substituent exerted an inhibitory effect of —27.2%
and —41.7% at a concentration of 100 pmol/L, respectively, demonstrating no preventive activity. This
result suggested that the activity of the derivatives might also be related to the number of fluorine atoms.
Chernyshov et al. [23] and Jeyaram et al. [24] demonstrated that the introduction of fluorine atoms
positively influenced the antiviral activity of the compounds, consistent with our experimental results.
Nevertheless, why compound 100, with only one fluorine atom substitution, displayed significant
preventive activity was explored. We hypothesized that this might be attributed to the introduction of the
thiazole structure. Consequently, we compared the activity of compound 10l, which incorporated the
thiazole structure, with that of compound 10h, which lacked the thiazole structure. The results indicated
that the introduction of the thiazole structure moderately improved the preventive activity of the
derivatives. This was not surprising because the thiazole structure showed considerable antiviral potential
in the last decade, with several studies identifying its efficacy as an antiviral drug [25-27]. Osman
et al. [28] also reported the potential of the thiazole structure against influenza virus A (HIN1).
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Second, regarding the preventive activity of myrtanyl acylthioureas against virus A (HIN1), only
compounds 9c and 9h exhibited weak preventive activity, with inhibitions of 34.8% and 16.1%,
respectively, at a concentration of 100 umol/L. This confirmed our previous assumption that substituting
fluorine atoms and introducing thiazole structures improved the preventive activity of the compounds to a
certain extent. This was also reflected in 3-cyanopyridine derivatives, as compound 41, with two fluorine
atom substitutions on the benzene ring, displayed the highest inhibition of 34.9% at a concentration of
100 pmol/L among all derivatives in this series.

Third, amide structure, acylthiourea structure, 3-cyanopyridine structure, and carboxylic acid structure
exhibited no significant effect on the preventive activity of these derivatives. Moreover, the data did not
sufficiently demonstrate the influence of halogen atoms other than fluorine substitutions on the activity.
We presumed that the presence of multiple halogen substituents on the benzene ring also facilitated the
preventive activity of the derivatives and was not limited to the fluorine atom. The improvement in the
preventive activity might be attributed to the introduction of halogen substituents that increased the lipid
solubility of the derivatives, leading to the easy absorption of the compounds by the organisms [29].

3.2.2 Therapeutic Effects of p-Pinene Derivatives on A/PR/8/34 (HINI) Virus Infection
The results of the therapeutic effect of f-pinene derivatives on cells infected with influenza virus A/PR/
8/34 (HIN1) in vitro are shown in Fig. 3.
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Figure 3: Therapeutic effects of f-pinene derivatives on A/PR/8/34 (HIN1) virus infection



52 JRM, 2024, vol.12, no.1

Fig. 3 shows that three S-pinene derivatives 4e, 4i, and 41 exhibited significant antiviral activity with
inhibitions of 72.1%, 80.2%, and 58.7%, respectively, at a concentration of 100 umol/L. Notably, all
three derivatives were 3-cyanopyridine derivatives of f-pinene. Similar findings were reported by Wu
et al. [30] and Manna et al. [31], indicating that 2-amino-3-cyanopyridine served as a vital bioactive
scaffold with antiviral properties along with various other biological activities. Therefore, the 3-
cyanopyridine structure holds promise for the development of antiviral drugs. An initial analysis of the
structure—activity relationship was conducted to further comprehend the impact of the derivatives’
structure on their antiviral activity.

The therapeutic activity of 3-cyanopyridine derivatives against influenza virus revealed significant
variations in the activity of derivatives containing the same substituent at different positions on the
benzene ring. This suggested that the position of the substituents within the phenyl group of the 3-
cyanopyridine derivative was important in determining its antiviral activity. Moreover, the activity
differed when different substituents were introduced at the same position on the benzene ring. However,
determining the precise position that leads to higher antiviral activity or which type of substituent is more
effective is difficult, implying that the overall structure of the molecule may be necessary for determining
antiviral activity. Additionally, the effect of the number of substituents on the activity remains unclear.
Although an increase in the number of fluorine atom substituents enhanced the activity, the influence of
the substituent position could not be excluded. Notably, compound 4h, with two methoxy substituents,
exhibited lower activity compared with compound 4e, which had one methoxy substituent at the
C-2 position of the benzene ring.

Myrtanyl acid, (+)-nopinone, and certain myrtanyl acylthioureas and myrtanyl amides were found to
exhibit weak inhibitory activity. Interestingly, introducing a trifluoromethyl substituent into the benzene
ring in the amide and acylthiourea derivatives resulted in increased potency.

3.2.3 ICsy Values for p-Pinene Derivatives with Activity against Influenza Virus

After preliminary screening 40 pS-pinene derivatives, we identified four compounds exhibiting
noteworthy anti-influenza A virus activity. The ICs, values were determined using the MTT assay and are
presented in Table 1. Notably, among these compounds, only compound 100 demonstrated a preventive
effect against cells infected with the influenza A virus, displaying an ICsy value of 47.6 umol/L. On the
contrary, the positive control ribavirin showed no preventive efficacy, consistent with a previous study by
Shi et al. [32]. Furthermore, the remaining three compounds exhibited the ability to inhibit virus
replication after HIN1 virus infection. Particularly, compound 4e displayed robust anti-influenza A virus
activity with an ICsy value of 17.5 umol/L. Compounds 4i and 41 exhibited similar inhibitory activity,
with ICsg values of 32.0 and 34.9 pumol/L, respectively. These promising findings highlighted the
potential of introducing a 3-cyanopyridine structure into the pinene skeleton for developing effective
antiviral derivatives. These compounds hold promise as potential drug candidates for further exploration
in antiviral research, aiming to identify more potent molecules and broaden their applications.

3.2.4 Evaluation of Cytotoxicity

Compound 100 was the sole f-pinene derivative with preventive activity against influenza A virus,
whereas compound 4e, among the tested derivatives, exhibited the highest therapeutic activity. However,
these compounds could not be classified as effective antiviral drugs without going through cytotoxicity
testing. They could be deemed effective antiviral drugs only if they displayed strong antiviral activity and
minimal cytotoxicity [33]. Consequently, we assessed the cytotoxicity of compounds 4e and 100 at a
concentration of 10 pg/mL against LO, and HEK293T cells using the MTT assay. The results revealed
that neither compound 4e nor compound 100 exhibited cytotoxic effects on LO, and HEK293T cells at a
concentration of 10 pg/mL, as depicted in Fig. 4. This observation suggested that these compounds did
not adversely affect cell proliferation or survival at the tested concentration. Normal cell morphology was
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also observed, indicating healthy and active cells. These findings suggested that compounds 4¢ and 100 had
good safety profiles in LO, and HEK293T cells.

Table 1: ICs, value of four f-pinene derivatives with anti-influenza virus activity

Compound IC5o (umol/L)

Preventive effects® Therapeutic effects®
100 47.6 £4.8 NR
4e NR 17.5 £8.7
4 NR 32.0+2.7
41 NR 349 £ 7.4
Ribavirin NR 15.6 £4.7

Notes: *Drug added before infection. l’Drug added after infection. NR, ICsq not reached. ICs is the inhibitory concentration required to reduce viral
replication by 50%.
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Figure 4: In vitro cytotoxicity of the two S-pinene derivatives: (a) proportional viability of LO, cells in
response to 10 pg/mL of the compound; (b) image of LO, cells in response to 10 pg/mL of the control;
(c) image of LO, cells in response to 10 pg/mL of compound 4e; (d) image of LO, cells in response to
10 pg/mL of compound 100; (e) proportional viability of HEK293T cells in response to 10 pg/mL of the
compound; (f) image of HEK293T cells in response to 10 pg/mL of the control; (g) image of HEK293T
cells in response to 10 pg/mL of compound 4e; and (h) image of HEK293T cells in response to
10 ug/mL of compound 100

The LO, cells represented a commonly employed human hepatocyte cell line, whereas the HEK293T
cells served as a frequently used human embryonic kidney cell line. The liver and kidney, being vital
organs within the human body, are relevant in assessing drug metabolism and toxicity. Consequently,
choosing these particular cell lines as representative models enabled a more precise evaluation of the
influence exerted by pharmaceutical agents on hepatic and renal cellular components, thus ensuring
heightened reliability and validity. Furthermore, both the LO, and HEK293T cell lines have garnered
widespread adoption and undergone rigorous validation in the realm of scientific investigation. These cell
lines displayed commendable attributes pertaining to their growth dynamics and steadfastness, offering
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remarkable suitability for experimental cultivation and manipulation strategies, thereby rendering them
conducive to facilitating comprehensive analyses.

Although this study tested the cytotoxicity of only two cell lines at a single concentration, these results
provided an important basis for the safety of these compounds and also valuable information for their further
drug development and toxicity assessment.

4 Conclusions

This study aimed to evaluate the anti-influenza virus activity of f-pinene derivatives using the MTT
method. Among the 40 f-pinene derivatives screened, 4 compounds were identified as having antiviral
activity. In addition, subsequent studies can investigate the mechanism of action underlying the antiviral
activity exhibited by compounds, demonstrating favorable results. Such an exploration might contribute
to our understanding of the mode of action of these compounds. Overall, this study holds significance in
both the high-value-added utilization of turpentine and the development of novel anti-influenza virus
agents derived from S-pinene derivatives.
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