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ABSTRACT ARTICLE HISTORY
In this study, the biotransformation of carvone and camphor by Received 29 January 2022
Aspergillus flavus and the products were investigated. The bio- Accepted 27 June 2022

transformation reaction of carvone by A. flavus resulted in the
production of neodihydrocarveol, dihydrocarvone, 2-cyclohexene-
1-one,2-methyl-5-(1-methylethenyl), limonene-1,2-diol, trans-p-
mentha-1(7),8-dien-2-ol, p-menth-8(10)-ene-2,9-diol, and the bio-
transformation reaction of camphor resulted in the production of
2 -campholenic acid, 2-cyclohexene-1-one,2-hydroxy-4,4,6,6-tetra-
methyl, a-campholene aldehyde. The naturally produced essential
oils by biotransformation of carvone and camphor were observed
to be cytotoxic to breast cancer cells while no significant inhib-
ition was seen in the healthy cell line. Additionally, biotransform-
ation products had the highest inhibition (74%) against aflatoxin
B1. The bioactivities of biotransformation products are promising,
and they can be further investigated for their therapeutic poten-
tial as active agents.
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1. Introduction

Plants synthesize many organic compounds and metabolites which are linked with
vital activities such as growth, cell division, respiration, photosynthesis, reproduction,
and storage. Metabolites involved in basic activities are primary metabolites whilst
those which are involved in other functions are secondary metabolites (Hussain et al.
2012). Secondary metabolites are also known as ‘specialized metabolites’, ‘secondary
products’, or ‘natural products’ (Demain and Fang 2000). The value of secondary
metabolites has not been sufficiently understood for many years, i.e. they were con-
sidered the final product of primary metabolism or metabolic waste, and were
thought to have no specific function. However, in recent years their important role
in the treatment of many diseases has been well established and studies are increas-
ing (Ghasemi et al. 2019). Terpenes occupy a large place in this group
of compounds.

Terpenes are a hydrocarbon group with the formula (CsHg)n found in the structure
of plants which constitute the largest and most diverse class of secondary metabolites.
Terpenes consist of units having five carbons that are called isoprene (Huang et al.
2012). They have various therapeutic effects and can easily show their biological activ-
ities by crossing the cell membrane; therefore, terpenes can be used in modern
pharmaceutical manufacturing (Bhatla 2018).

Commercially useful chemical building blocks and pharmaceutical stereoisomers
can be produced by the biotransformation of terpenes. Biotransformation provides a
method of producing regioselective and stereoselective compounds under temperate
conditions, while the biotransformation products are still considered ‘natural’. Enzymes
and extracts originated from bacteria, cyanobacteria, microalgae, fungi, and plants are
used for the biotransformation of terpenes (de Carvalho and da Fonseca 2006a).
Another purpose of biotransformation is to give activity to a molecule that does not
show biological activity (Abdella et al. 2018). The biotransformation of plant-derived
molecules provides a variety of potential anticancer products which are generally less
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toxic to healthy cells when compared to conventional chemotherapy (Muhamad and
Na-Bangchang 2020).

Terpenes and terpenoids, along with their microbially biotransformed products, are
broadly evaluated for their antitumor, antimicrobial, anti-inflammatory, antihyperglyce-
mic effects, and potential medical uses. In this regard, carvone and camphor are two
promising terpene compounds. Carvone has both antibacterial and antifungal activity,
and it has proven to be effective against many pathogens such as Aspergillus niger,
Saccharomyces cerevisiae, Candida albicans, Campylobacter jejuni, Listeria monocyto-
genes, Enterococcus faecium, Escherichia coli (de Carvalho and da Fonseca 2006b).
Likewise, the antitumor activity of carvone has been shown against breast cancer cells,
e.g. R-(-)-carvone was shown to potentiate doxorubicin’s antitumor activity in vitro
(Patel and Thakkar 2014; Abbas et al. 2020). Camphor has also been shown to be a
promising molecule in medical applications and is widely used in traditional medicine
(Zuccarini 2009; Zielinska-Blajet and Feder-Kubis 2020). Besides its significant anti-
microbial effects, the antitumor activity of camphor is under investigation. It was
shown that with the topical application of camphor to a mouse model of non-melan-
oma skin cancer, the total tumor burden was observed to decrease by 90%
(Greenberg et al. 2016).

As camphor and carvone have anti-tumor activities, the compounds derived from
them can also have similar, or even stronger effects. A study showed that a ferrocene-
containing camphor sulfonamide molecule has a cytotoxic effect on breast cancer
(Schroder et al. 2019). In another study, the biological effects were determined of (R)-
(+)-limonene and (-)-alpha-pinene, a derivative of carvone, biotransformation products
on human colon tumor cells and normal colonic epithelium cells, and normal colonic
epithelium cells, reporting that the obtained biotransformation showed their in vitro
effects against tumor cells at lower concentrations when compared to their monoter-
pene precursors (Paduch et al. 2016).

In this study, two natural essential oil mixtures were obtained by the biotransform-
ation of carvone and camphor by Aspergillus flavus. The obtained essential oils were
investigated for their aflatoxin inhibitory activities along with cytotoxic effects against
a human breast cancer cell line. This method for obtaining the biotransformation
products of A. flavus is a promising alternative to the challenging methods of classical
organic synthesis.

2. Results and discussion
2.1. Analytical results by GC-MS

Aspergillus species are widely used fungi in biotransformation studies, especially in the
biotransformation of terpenes and steroids. In a previous study, Okuno et al. investi-
gated the biotransformation of (+)-isofraxinellone by Aspergillus niger (Okuno et al.
2019). In their study, isofraxinellone was transformed into only one compound and
they identified that the structure of the compound was (-)-(4S)-4-hydroxyisofraxinel-
lone. In another study, microbial transformation of 20(R)panaxatriol by the fungus
Aspergillus flavus was performed (Li et al. 2019). The obtained compounds after bio-
transformation were determined to be 3,6-dioxo-22p-hydroxyl-20(R)-panaxatriol, 3,6,23-
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trioxo-20(R)-panaxatriol, a hydroxylated derivative of 20(R)-panaxatriol, and 24o-
hydroxy- 20(R)-panaxatriol. In addition, the cytotoxic effects of the metabolites on the
growth of human cancer cell lines (K562/ADR, Du-145, Hela, MCF-7, and HepG2) were
evaluated. Among them, 15B-hydroxy-20(R)-panaxatriol (4) significantly inhibited the
proliferation of human leukemic progenitor cells K562/ADR by arresting cell cycle.

In this study, the GC-MS total ion chromatograms of the carvone and camphor fun-
gal biotransformation extracts are shown in the supplementary file. The identification
of the compounds was done by comparing the mass spectra with the corresponding
standard in the NIST library data on GC-MS. The monoterpenes of biotransformed
products of carvone by A. flavus are listed in Table S1. As seen in the table, the mono-
terpenes of biotransformation products of carvone were neodihydrocarveol (T: 8.17),
dihydrocarvone (RT:8.41), 2-cyclohexene-1-one,2-methyl-5-(1-methylethenyl) (RT:9.18),
limonene-1,2-diol (RT: 11.3), trans-p-mentha-1(7),8-dien-2-ol (RT: 14.08), p-menth-8(10)-
ene-2,9-diol (RT:14.40). The monoterpenes of biotransformed products of camphor by
A. flavus are listed in Table S2 and they are a-campholenic acid (RT:11.2), 2-cyclohex-
ene-1-one,2-hydroxy-4,4,6,6-tetramethyl (RT: 11.8), a-campholene aldehyde (RT:12.8).

2.2. Metabolic pathways

Adding a hydroxy group to an aromatic or nonaromatic ring skeleton by organic syn-
thesis is a multi-step process. However, with biotransformation, this process can be
done in one step (Sultana and Saify 2013; Winkler et al. 2021). Biotransformation has a
number of advantages when compared with the corresponding chemical methods.
Many biotransformations not only are regio- and stereospecific but are also enantio-
specific, allowing the production of chiral products from racemic mixtures. The condi-
tions for biotransformations are mild and in the majority of cases, they do not require
the protection of pre-existing functional groups (Hegazy et al. 2015).

A possible biotransformation pathway is proposed in Figures 1 and 2 based on the
structures of the metabolites obtained. In Figure 1, it is seen that mostly hydrogen-
ation reaction occurs, considering the structures of the metabolites obtained as a
result of the biotransformation of carvone. 2 and 7 were formed by hydrogenation of
the double bonds of the carvone molecule from the A and F routes, while 3 was
formed by the hydrogenation of the carbonyl group of its B route (Maczka et. al,
2018; Santos et al. 2018). 4 was formed by dehydrogenation of 3 from the C route,
and it is seen that 5 was formed by acetylation of 4 from the D route. As a result of
the hydroxylation reaction of 1 and 3 at different positions, the conversion of 6 and 8
occurred from the E and G routes. It is also seen that the carbonyl group turns into a
hydroxyl group with the formation of 8.

In the proposed biotransformation pathway of camphor (9) (Figure 2), it is seen
that a series of rearrangement reactions take place in addition to the classical organic
reactions. In the transformation of 10, the bond of the carbonyl group with the
bridgehead carbon was broken and it was converted to carboxylic acid as a result of
an oxidation reaction, while on the other hand, a double bond was formed as a result
of dehydrogenation from the same bridgehead carbon by the H route. After this reac-
tion, it was converted to 11, which contains aldehyde, following the | route by
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Figure 1. Possible pathway for the biotransformation of carvone by Aspergillus flavus.

reduction of the carboxylic acid group. It can be said that the biotransformation path-
way is more complex for 12 (Nakahashi and Miyazawa 2011). Because, in this trans-
formation, reactions such as bond breaking of the bridgehead carbons, repositioning
of the methyl groups as a result of the rearrangement reaction, and hydroxylation and
dehydrogenation reactions from the alpha position take place. When the structures of
the compounds obtained as a result of biotransformation of d-limonene in the study
by Houjin et al. are examined, it is seen that these transformations follow reactions
such as hydrogenation, hydroxylation, and cleavage of C-C bonds (Demirci et al. 2001;
Houjin et al. 2006; Eaton and Sandusky 2009). The results obtained are coherent with
the present study, and the transformations proceed through similar reactions.

2.3. Aflatoxin inhibitory activities

The results against the absorption of the control group were calculated and the vary-
ing fluorescence intensities due to aflatoxin inhibition are given in Figure S13. The
essential oil, which was obtained by biotransformation of camphor, exhibited the
strongest anti-aflatoxigenic activity with low absorbance in this assay. These results
showed that essential oil biotransformation products had the highest inhibition (74%)
against aflatoxin. It should be borne in mind that there is a gradual increase in inhib-
ition due to the increased concentration of the essential oils tested.
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4.4.6.6-tetramethyl (12)

Figure 2. Possible pathway for the biotransformation of camphor by Aspergillus flavus.

Natural products including plant extracts have been identified as potential inhibi-
tory candidates active against aflatoxin (Deabes et al. 2011). Deabes et. al. showed
that each essential oil fraction showed significant inhibition against the production of
A. flavus-originated AFBI1.

2.4. Determination of cytotoxic activity

According to the MTT cytotoxicity test results, the metabolites were not toxic to the
healthy cells, and although not too strong, the metabolites were found to be more
cytotoxic to the cancer cells. The obtained essential oil by carvone biotransformation
(CN) showed moderate but statistically significant cytotoxicity against MDA-MB-231
breast cancer cells (Figure S14). CN was observed to be active in terms of cytotoxicity
against breast cancer cells showing an ICsy value of 446.9 ug/ml while the 1Csq value
recorded for carvone standard (CNS) was >500ug/ml. 43.62% cell viability in the
breast cancer cell line was determined after CN treatment while no inhibition was
seen in the healthy cell line. Accordingly, the most active substance in terms of cyto-
toxic activity was CN (inhibiting cell viability 56.38%). In a study investigating L-car-
vone's effects on breast cancer cell lines, it was found that the active substance
inhibited cell migration and cell proliferation of MDA-MB-231 cells (ICs, 1.0 mM) and
induced apoptosis along with oxidative stress and genotoxicity, and our results are in
accordance with their results (Patel and Thakkar 2014).

The obtained essential oil by camphor biotransformation (CM) at the tested high
concentrations also showed moderate but statistically significant cell viability inhibition
in the breast cancer cell line while not affecting the viability in the healthy cell line,
although the ICsqy values for CM and camphor standard (CMS) were both found to be
>500 pg/ml. Furthermore, CM inhibited cell viability in the 250 ng/ml group in breast
cancer cells while CMS did not have a significant effect, namely showing an inhibitory
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effect on cell viability at a lower concentration. A recent in vivo study investigating
the effects of camphor white oil indicates tumor regression through cytotoxic T cell-
dependent mechanisms (Moayedi et al. 2019). Considering these results, the produced
metabolites in this study can be potential therapeutic alternatives suitable for further
in vivo studies. Indeed, in vitro cytotoxicity studies are mandatory for proceeding to
in vivo and clinical practices which are necessary for safety assessment and screening
of substances. They are widely used for the purpose of investigating the bioactivities
of isolated and synthesized substances, providing information for research and devel-
opment (Tolosa et al. 2015). In this study, the experiment results showed that the
metabolites are not toxic to the healthy cell line having the potential to be used for
therapeutic purposes. The evaluation results of the metabolite’s potential for being
alternative anticancer agents to see if the metabolites were stronger compared to the
standard molecules are given. Hereby, the metabolites’ cytotoxic effects against breast
cancer cells were observed to be slightly higher when compared to the stand-
ards’ effects.

3. Experimental
3.1. Instrument and reagents

The fungal strain Aspergillus flavus Link var. flavus (ATCC® 22547) was purchased from
American Type Culture Collection. Carvone and camphor were purchased from Sigma
Corporation, USA. Dimethyl sulfoxide (DMSO) and ethyl acetate were from Merck. Cell
culture reagents were from Gibco, USA. MTT reagent was from Biomatik, CA.

The analysis of the biotransformation products was carried out using gas chroma-
tography-mass spectrometry (GC-MS). The GC-MS apparatus was equipped with
Thermo Scientific, 6890 N Network GC System, 5973 Network Mass Selective Detector,
7683 Series Injector, and G1701 DAMSD Chemstation. The microplate reader BioTek,
Synergy H1 was used for the cytotoxicity analysis of the products.

3.2. Culture media

Potato Dextrose Agar, for the growth of Aspergillus flavus, contained: potato extract
(4g/L), agar (15g/L), and D(+) glucose (g/L). Sabouraud %2 Dextrose Broth, for the
biotransformation experiments, contained: peptone (10g/L) and D(+) glucose (20 g/L).
The liquid medium was autoclaved at 121 °C for 70 minutes.

3.3. Cell culture

MDA-MB-231 human breast cancer and CCD-1079Sk human healthy skin cells from
ATCC were used. DMEM-F12 medium containing 10% FBS (fetal bovine serum) with
1% penicillin-streptomycin-amphotericin was used for cell culturing medium at 37 oC
with 5% CO, and 92% humidity. Passaging the cells was with trypsinization when 70-
80% confluency was reached.
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3.4. Biotransformations

100 mL of medium was added to 250 mL erlenmeyer flasks in a sterile safety cabinet.
Produced in a solid environment, A. flavus spores were added to each flask using a
sterile loop. The erlenmeyers were incubated at 37°C on a rotary shaker at 200 rpm.
After 3days, for each flask, 50mg of camphor was dissolved in 1mL of DMF and
added to 3 flasks through a 0.22 um membrane filter. At the same time, 50 mg of car-
vone was dissolved in 1 mL of DMF and added to the other 3 flasks through a 0.22 um
membrane filter. The flasks were taken back to an incubator for biotransformation and
left to incubate for 3 days at 37° C in a 200 rpm shaker. The flasks were shaken in the
incubator for 3 days for biotransformation and were removed from the incubator at
the end of the 3rd day. The solutions in the flasks were divided into clean falcon tubes
and were centrifuged. After centrifugation, filtering was done with filter paper.

3.5. Extraction of the metabolites

After biotransformation was completed, ethyl acetate was added to the filtered solu-
tions twice their amount each time. The solution was shaken and extraction was per-
formed, with the tap and lid of the separating funnel closed. After waiting for the
separation of the phases for a while, the two phases were bottled separately. The
ethyl acetate phase was evaporated using an evaporator. After the ethyl acetate was
evaporated almost completely, the remaining solution was taken into the glass vial for
chromatographic analysis.

3.6. GC-MS analysis

The structures of metabolites formed after biotransformation were revealed by GC-MS,
an analytical chemistry method that uses gas chromatography and mass spectrometry
properties together. GC-MS analyzes were performed with the Thermo Scientific Trace
GC device in the Bezmialem Vakif University Pharmaceutical R&D Center. Detector:
Zebron Phase 2B-5MS, Colon: 30m x ID= 0.25mm 0.25pum were selected as.
Temperature program: injector 250°C; detector 280°C; oven temperature start at 50°C,
programmed from 50 to 250°C, hold for 3 min. Carrier gas: helium (1 mL/min), injection
mod: splitless, injection volume: 1puL, scan: m/z 50-350 (31) were determined. The
samples were dissolved in dichloromethane and taken into vials and 1 pL was injected
into the device.

3.7. Extraction of aflatoxin B1 from A. flavus cultures

Flasks with mycelia were filtered using pre-weighed Whatman filter no. 1 and then
washed with distilled water. The mycelia were placed in falcon tubes and were
allowed to dry at 40°C for 24 h. The net dry weight of mycelia was determined. Then,
dry mycelia were homogenized using a tissue homogenizer and then extracted by
100 mL of methanol: water (70:30). After filtration, the filtrate was used for the deter-
mination of aflatoxin B1.
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3.8. Determination of aflatoxin B1 inhibition

Aflatoxin B1, produced by Aspergillus flavus is a toxic compound and takes place in
the group 1 carcinogen list of IARC (Su et al. 2022). The aim of this study was to
evaluate the growth and aflatoxin B1 production by Aspergillus flavus and to investi-
gate the produced essential oils effects to aflatoxin B1 production. A Hitachi F-2700/F-
2710 fluorescence spectrophotometer was used for fluorescence spectra recording of
AFB1 with a scan rate of 1200nm min~'. The excitation and emission slits were both
5nm and all measurements were performed in a quartz cell at room temperature. The
excitation and emission wavelengths were 360 and 450 nm, respectively (Durmus
et al. 2020).

The inhibition was determined according to the decrease of the fluorescence inten-
sity due to aflatoxin B1 inhibition. The following equation was used for the calcula-
tion:

% inhibition = (control — treatment/control x 100)

3.9. Determination of cytotoxic activities

Cytotoxic activity studies were performed on MDA-MB-231 human breast cancer and
CCD-1079Sk human healthy skin cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) method was used for measuring cell viability (Mosmann
1983). Before seeding the cell to the 96 well-plates, the trypan blue method (Strober
2001) was used to count the cells: An equal amount of 0.4% trypan blue dye was
added onto cell suspension, and cells were counted using a hemocytometer under a
microscope. 10* cells/well were seeded and incubated for 24h in a 96 well plate
before treatment with the test compounds. The cells were exposed to the obtained
essential oils from the biotransformation process. After 24 h treatment, 20 uL of MTT
solution (5mg/mL in PBS) was added to each well and the cells were kept in the dark
for 3h at 37°C with 5% CO, and 92% humidity. After 3h incubation, the formazan
crystals were dissolved in 100 uL DMSO and the absorbance was measured at 590 nm.
The percentage of cell viability was calculated by dividing the absorbance of the
experimental groups by the solvent control cells. IC5o values were calculated by trans-
ferring the data of concentration-dependent cell viability to the Graphpad
Prism program.

3.10. Statistical analysis

Experiments were conducted in triplicate. The results were given as the mean=+SD
and the comparison of experimental groups was by the one-way ANOVA test followed
by the Tukey's test with the GraphPad Prism Software. p-Value < 0.05 was accepted
statistically significant.
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4. Conclusion

Compared to classical chemical synthesis methods, the method used in this study pro-
vides many advantageous properties including microbial biotransformation, mild reac-
tion conditions, regional and stereoselectivity, and environmental friendliness.
Obtaining substances by biotransformation from carvone and camphor via classical
organic synthesis follows very difficult methods, however, in this study, these com-
pounds were obtained without using these challenging methods. Promising results
were recorded according to the cytotoxicity and anti-aflatoxin studies of natural essen-
tial oil mixtures obtained by fungal biotransformation, and further research can be
done for their therapeutic potential as active substances. Purification from the ethyl
acetate extract and more detailed in vitro bioactivity studies, including the evaluation
of each biotransformation product observed in the GC-MS analysis, that can potentially
lead to in vivo experiments are planned in our future studies.
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