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5.1. Biochemical composition of mustard (Brassica nigra) seeds and garlic (Allium
sativum)

During the biochemical analysis of the mustard seeds the moisture content, crude fat,
crude protein, crude fibre, total ash, and total carbohydrate were found to be 6.38 + (.84
g/100g, 42.39 + 3.55 g/100g, 21.18 £+ 1.35 g/100g, 23.20 + 1.75 g/100g, 4.24 + 0.232
g/100g and 25.81 + 1.25 g/100g, respectively. Again, for the garlic cloves, it was 59.75
+1.35 g/100g, 0.27 = 0.05 g/100g, 6.46 + 0.31 g/100g, 4.09 £ 0.21 g/100g, 1.22 + 0.05
g/100g and 32.30 + 1.25 g/100g, respectively. The moisture content of garlic was earlier
reported to be a crucial parameter in determining the period of storage of garlic [1]. For
fresh garlic, the percentage of moisture was reported to be between 50-70% which was
found to be in the range of our findings [1, 2]. The moisture content for Brassica juncea
and Brassica nigra was reported to be 12.17% and 4.16% which was found to coincide
with the moisture content of mustard seeds we have collected [3, 4]. Ash content in
Brassica nigra, Brassica juncea seeds were earlier reported to be in the range of 4-5%
[5, 6]. Also, in garlic (4. sativum) cloves the ash content was reported to be in the range
of 1-2 % [2, 7]. In our finding, the ash content in both the garlic cloves and mustard
seeds was found to be in the range of that of the earlier reported findings. Similarly, the
total carbohydrate, crude fibre, crude fat and crude protein in the garlic and mustard

seeds were found to be in range with that of the earlier reported results [2, 6].

5.2. Physicochemical examination and phytochemical analysis of oil from GMM

5.2.1. Chemical properties
The FFA, PV, AV, IV and SV of GMM were found to be within the limits that
were set for edible vegetable oil. The increase in free fatty acids signifies the
degradation of triglycerides to free fatty acids [8]. It is reported that factors such
as temperature, humidity and light exposure can increase the rate of the
degradation process [9]. From our observed results, the FFA levels of both MO
and GMM were not found to be significantly different therefore the preparation
conditions such as temperature and duration of heating did not affect the
integrity of triglycerides at a significant level. PV is a major quality parameter
for edible oils, where PV > 10 meq O»/kg is considered unstable and can easily
become rancid, whereas PV < 10 meq O»/kg indicates the oil is stable against

oxidative stress [10]. During our experiment heated mustard oil showed a PV

Chapter 5/ Singha, J. PhD. Thesis, 2024 Page 137



Discussion | 2024

of more than 10 meq Ox/kg, which suggests a decrease in stability against
oxidative stress of mustard oil after heating, whereas non-heated mustard
exhibited a PV below 10 meq O2/kg. The GMM oil showed the lowest PV of
5.29 £+ 0.40 meq O2/kg, which suggests the quality of the oil against oxidative
stress has increased which may be due to the presence of garlic-derived
compounds, therefore even after heating at the same temperature as that of
mustard oil, the PV is significantly lower than that of the mustard oil. Similarly,
the AV, IV and SV of GMM and MO which were not found to be significantly
different from each other were found to be in the range with that of earlier
reports for mustard oil [11, 12]. Even the range of chemical properties of the
present finding is found to be in the range of standard values set by FSSAI and
USDA [13, 14].

5.2.2. Physical properties

The density of cooking oil ranges from 0.918 to 0.926 g/cm?® at temperatures
between 15 °C to 25 °C [15]. With the increase in temperature the density of
the oil gradually decreases and maybe due to this, the density of heated mustard
oil has dropped to 0.855 g/cm®. For GMM oil, the density was found to be 0.88
g/cm® which was higher than the heated mustard oil and may be due to the
presence of garlic compounds in MO. The refractive index of the HMO and
GMM were found to be 1.474 and 1.478, respectively, which is slightly higher
than the earlier reported value of 1.45-1.46 at 40°C [16]. The viscosity of heated
MO and GMM were found to be 116.23 & 0.54 and 116.58 + 0.22 milipoise. It
was earlier reported that the viscosity of edible oil after heating decreases, but
in the case of mustard oil significant reduction in its viscosity was not observed
by Zahir et al. (2017) [17]. The value of viscosity of the HMO and GMM oil
was found to be close to the range of that reported by Zahir et al. (2017).

5.2.3. Phytochemical analysis
FTIR analysis is an effective method by which the types and abundance of the
functional groups in the given molecule may be determined [18]. As GMM
consists of a complex mixture of compounds from both MO and garlic therefore
functional group analysis was necessary. Chemical functional groups present in

the compounds also give the molecules their characteristic chemical property

Chapter 5/ Singha, J. PhD. Thesis, 2024 Page 138



Discussion | 2024

along with a potent bioactive nature [19]. During our analysis, freshly prepared
GMM displayed minimum transmittance at 722, 1100, 1120, 1164, 1239, 1378,
1418, 1465, 1747, 2854, 2925 and 3008 cm!. The lowest transmittance at 1378
cm’! for freshly prepared GMM, which is a characteristic peak for C=S
stretching (sulfur compounds) [20]. The low transmittance value of fresh GMM
may support the fact that a significantly high number of garlic-derived
compounds may be present in the macerated oil compared to that of the control
oils [21]. When the macerate was stored for more than 10 days, the
transmittance percentage at 1378 cm™ (C=S stretching) was found to be
significantly reduced by 22.34% compared to the freshly prepared macerate.
This phenomenon may have been due to the degradation of the compounds in
the GMM due to the long-term storage [22]. As it was earlier reported that garlic
derived compounds are highly unstable and degrade rapidly over long-term
storage [23]. From the results, it was observed that the wavenumbers and
intensity of the peaks in MO, HMO and 10 days stored GMM were very similar
and no significant difference was observed. As storage at lower temperatures
increases the half-life of the compounds, therefore if the GMM is stored at room
temperature then the thiosulfate compounds might start to degrade at a higher
rate than compared to -20°C storage which has to be confirmed in future work.
During total polyphenol estimation, we observed a significantly higher amount
of polyphenol in GMM than compared to MO. This may be due to the presence
of the non-polar polyphenols from garlic which became soluble in the MO
during preparation of GMM. During the DPPH scavenging activity of GMM, it
was observed that the lipophilic part of the oil has higher DPPH scavenging
activity than that of the hydrophilic part and a similar observation was reported
in earlier works [24-26]. It was earlier reported that compounds such as allicin
when present in non-polar solvents and vegetable oil convert to non-polar
thiosulfinate compounds such as ajoene and dithiins [27]. These degraded
compounds are highly unstable and further degrade to several small
organosulfur compounds [28]. The higher antioxidant nature of the sulfur
compounds from garlic against hydroxide radical, hydroperoxyl radical, and
superoxide radical was earlier reported which may support the fact of a higher

DPPH scavenging activity of the lipophilic part of GMM [29]. From HPLC
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analysis of GMM, the two major peaks at 3.48 min and 4.08 min coincide with
the peaks of that of GTE. However, the area under the peak was found to be
higher in the case of GTE than GMM, which may be due to the difference in the

solvents used during the preparation of the macerate.

LCMS analysis of GTE consists of two major peaks at retention times of
0.826 and 0.98 minutes. The mass spectrum of the peak at retention time 0.826
min exhibits major ion peaks at 325 (100%) dimeric species of allicin
[(All2S203)2 + H'] and further degradation of the dimeric species forms ajoene
[m/z = 235 (30.77%)] [30]. The mass spectrum of the peak at 0.98 min has
characteristic peaks at m/z 145 (100%) and 237 (32.54%) which confirms the
presence of acrolein dimers (2-vinyl-4H-1,3, dithiin or 3-vinyl-4H-1,3-dithiin,
m/z=145) and 2-Propenyl 1-(2-propenylsulfinyl) propyl disulfide (molecular
weight = 236.4 g/mol, m/z [M+ H']= 237), respectively [31, 32]. At a retention
time of 1.26 min, MS data showed a signature peak of vinyl dithiin (m/z 145.00)
and an unknown fraction with m/z value of 217.00. The MS data of the peaks at
retention times 1.93 min and 2.35 min, revealed a major peak at m/z value of
217.00 and 274.00, respectively which did not match with any known
compounds in garlic according to our literature survey. For GMM, major peaks
were found at retention times (RT) of 0.80, 0.85 and 0.98 min. The mass
spectrum at RT 0.80 showed peaks at m/z value of 169.10 (100.00%) (gallic
acid) and 235 (62.40%) (protonated ajoene). The peak at RT 0.85 had m/z values
of 235.00 (100.00%) (protonated ajoene), 163.00 (90.50%) (allicin), 169.10
(90.09%) (gallic acid) and 145 (22.89%) (2-vinyl-4H-1,3, dithiin or 3-vinyl-4H-
1,3-dithiin) [31, 32]. At RT 0.98 min, the m/z value was 145.00 (100.00%) (2-
vinyl-4H-1,3, dithiin or 3-vinyl-4H-1,3-dithiin), 163.00 (23.64%) (allicin). At a
retention time of 0.98 min presence of vinyl dithiin was found with the signature
peak of m/z=145. This may suggest that during the heating process of GMM,
thermal degradation of allicin (m/z=163) had occurred leading to the synthesis
of acrolein dimers  (2-vinyl-4H-1,3-dithiin and 3-vinyl-4H-1,3-dithiin,
m/z=145) and ajoenes (m/z=235) [31, 33]. The mass spectrum of the third peak
at a retention time of 1.15 min has shown the major peaks at m/z 195, 241 and

259 which can be considered as the diagnostic ion for glucosinolates present in
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mustard oil [34]. The m/z value obatined during LCMS analysis for mustard oil
(m/z value 169, 337, 338, 59, 178) were also detected during the LCMS analysis
of GMM, which suggest the presence of MO compounds in GMM. Although
limited information was found regarding the compounds detected in MO during

our literature suvey.

Upon GCMS analysis, several peaks were observed for GMM. One
prominent peak was found at retention time 6.125 which was found to be allyl
isothiocyanate (AITC) with ionic table 99.0 (999), 41.0 (620), 39.0 (618), 72.0
(391),45.0 (110), 71.0 (110). AITC is formed due to the enzymatic conversion
of sinigrin which is a glucosinolate in mustard oil [35]. At 17.56 min a peak
was found and the MS data confirmed the compound to be 2-vinyl-4H-1,3,
dithiin (molecular weight=144 g/mol) with ionic table 72.0 (999), 71.0 (987),
111.0 (484), 144.0 (376), 45.0 (357) and 39.0 (176). Compounds like allicin
and ajoene that were found during LCMS analysis were not found during
GCMS analysis, which may be due to the compound’s degradation of vinyl
dithiin at high temperatures [36]. The details of the compounds detected in the
GCMS analysis of GMM and MO other than AITC and 2-vinyl-4H-1,3, dithiin
are listed in Table 5. In an earlier study by Abu-Lafi et al. (2004) and
Sowbhagya et al. (2009), 2-vinyl-4H-1,3, dithiin and 3-vinyl-4H-1,2, dithiin
was reported upon GCMS study of garlic and its essential oil [37, 38].
Similarly, AITC and 1-Butene-4-isothiocyanato were also reported earlier for
seed oil of Brassica juncea, Brassica napus and Brassica nigra species [39,
40].

The presence of organo-sulfur compounds (OCSs) which were detected by
LCMS and GCMS analysis in GMM may enhance its bioactive properties such
as DPPH scavenging, antibacterial, antifungal and anti-inflammatory. Due to
this, significantly higher total polyphenol and DPPH scavenging activity was
observed during our experiment.

5.3. Optimization of garlic mustard oil macerate
This finding forces us to optimize the preparation parameter which suggests a
correlation of biochemical and antimicrobial activity with ajoene and vinyl dithiin

concentrations in GMM. The formation of organo-sulfur compounds (OCSs) is mostly
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dependent on the polarity of the solvent, the reaction parameters (heating temperature,
reaction time and amount of edible oil) and the kind of fatty acids in the oil and shaking
of the macerate [41, 42]. Only a few related articles were available on the optimization
of OSCs in garlic macerated in soybean and rice bran oil [41, 43]. Moreover, ajoene
and 2-vinyl dithiin have been identified as the major OSCs in GMM, which suggests
that the mixture will likely have significant health advantages. Using response surface
methodology, the optimized condition for ajoene was at a temperature of 55 °C, a
reaction time of 4.5 hours and an oil volume of 2.00 factor of weight of garlic; and for
2-vinyl-4H-1,3, dithiin, the conditions were a temperature of 77.51 °C, a reaction time
of 2.22 hours and oil volume of 2.25 factor of weight of garlic. In earlier research
conducted by Yoo and team, during optimization of garlic macerated in soyabean oil
the range of Z- and E- ajoene was found to be 35.48- 720.79 ng/g of garlic juice and
15.13- 256.42 pg/g of garlic juice which was found to be significantly lower than the
prepared formulations in the present research [41]. The results imply that the
preparation process during our research provided a much higher ajoene yield than the
work published by Yoo and colleagues, which may be attributable to the reduction in
allicin formation due to vortex and sonication [43]. In earlier research by Yoo and team,
at optimum conditions for E- ajoene (98.80 °C, 6.87 hours and oil volume of 2.57 factor
of weight of garlic) the yield was 225.75 + 9.7 pg/g of garlic juice and for Z-ajoene
(42.24 °C, 9.71 hours and oil volume of 3.08 factor of weight of garlic) the yield was
833.59 + 59.1 pg/g of garlic juice [41]. Nazin and team have reported that the yield of
E-ajoene (172.0 ng/g of garlic) and Z-ajoene (476.0 ng/g of garlic) is best in rice oil
when heated at temperature of 80 °C at 15% garlic in oil [44]. Also, it was observed
that the concentration of E- and Z- ajoene may vary depending on the nature of the
vegetable oil used while preparing the macerate [45]. Also, it has been reported that at
the extraction condition of 2 w/w garlic oil, 37 °C, 6 hours in olive or sunflower oil the
yield of vinyl dithiin was 133 mg/100 g of fresh garlic vinyl dithiin and upon microwave
irradiation the yield increased to 486 mg/100 g of raw garlic [43]. The yield of vinyl
dithiin after microwave irradiation reported by Dethier and the team matched close to
our yield of 2-vinyl-4H-1,3, dithiin at the optimized conditions [43]. We were able to
enhance the ajoene and vinyl dithiin synthesis using our findings at substantially lower
heating temperatures and for a shorter amount of time. It was found that the

concentration of ajoene and vinyl dithiin in optimized GMM was found to increase by
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1.75 and 1.83 folds, respectively compared to the initially prepared GMM.
Furthermore, previous studies have optimized garlic-containing composites based on
their antioxidant properties, total polyphenolic content and solvent selection for
extraction, but research on the optimization of ajoene and vinyl dithiin, which are
reported to have significant bioactive roles in reducing inflammation, tumour
suppression, lowering hypertension, antibacterial, antifungal and antiviral properties, is
very limited [46-55]. From the results of optimization of GMM with respect to
antibacterial, antifungal and DPPH scavenging activity, various optimal parameters
were found. For antibacterial activity by vapour diffusion assay against S. aureus it was
2- and 4-hour heating at 80°C in water bath at the ratio of 1:4 and 1:8 of garlic and
mustard oil. Upon agar diffusion assay, the optimal condition for GMM preparation
based on its antifungal activity against C. albicans was 55°C water bath heating for 1
hr with ratio of garlic: MO (1:2). This optimal condition was like that of the optimal
condition found upon response surface methodology (55°C water bath heating for 4.5
hr with ratio of garlic: MO (1:2)). But again, during vapour diffusion assay against C.
albicans the optimal condition found was 2-hour heating at 80°C and 30 second heating
at 160°C in the ratio of 1:2 of garlic and mustard oil. Also, during optimization through
DPPH scavenging activity the optimal condition was heating GMM at 100°C for 4
hours at the ratio of 1:4 of garlic and mustard oil. From all the various approaches of
optimization of GMM, the condition which was considered best was heating the
macerate at 55°C for 2 hours at the ratio of 1:2 of garlic and mustard oil. This optimal
condition was selected since results during RSM and antifungal activity by agar

diffusion matched and was reproducible.

5.4. Bioactivity of optimized garlic mustard oil macerate

5.4.1. Antibacterial activity
During the MIC and MBC determination assay against four selected bacterial
species, optimized GMM showed antibacterial activity till the maximum
dilution of GMM/8 (0.125% v/v) against S. aureus. After the assay, bacterial
samples were collected from below the oil samples and plated in a fresh media
plate for the determination of MBC. The MBC results suggested that till the
maximum concentration of GMM (100% v/v), the bacteria below the oil had

shown growth in fresh MHA. Therefore, we may suggest that the optimized
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GMM oil is not bactericidal rather it is bacteriostatic. As from the earlier report,
it was seen that bacterial growth in more than 4 times the MIC is considered to
be bacteriostatic [56]. When gram-positive bacteria S. aureus and B. cereus were
treated with GMM oil, the pink colouration of the cell membrane by safranin
was observed which might be due to the disruption of the peptidoglycan layer
of the bacterial cell. Upon vapour diffusion assay against S. aureus by GMM
vapour, reduction in staphyloxanthin pigment was confirmed using UV-Vis and
FTIR analysis. The FTIR analysis of the bacterial cells sheds light on the fact
that after the treatment of GMM volatiles not only there is a decrease in the
staphyloxanthin production but also a decrease in the membrane integrity of S.
aureus. This disruption in membrane integrity is proposed with respect to
significant changes as found in non-staphyloxanthin peaks like 3437, 2085,
1645 (membrane phospholipids), 1077 (correspond to polysaccharides) and 773
cm’! (membrane phospholipids) in the FTIR data of S. aureus cells treated with
GMM volatile (Figure 48 (B)) [57]. Along with this FTIR data, SEM image
analysis also supported the theory that S. aureus's membrane fluidity changes
when exposed to volatiles of GMM due to a change in membrane structure.
Therefore, our finding coincide with the previous report of Valliammai et al that
the increase in membrane fluidity in S. aureus enhances sensitivity to the
membrane targeting antibiotic polymyxin B [58]. Also, much previously done
work has reported that the membrane damage led to higher susceptibility of S.
aureus towards antibiotics [59, 60]. Therefore, during the current investigation,
a greater zone of antibiotic inhibition may have been also influenced by the
increase in membrane fluidity. As non-polar garlic VOCs are reported to bind
with the cell membrane and penetrate the plasma membrane which causes
membrane rupture and the leakage of vital cell components like proteins [61-
64]. The disruption of the bacterial cell wall of Corynebacterium glutamicum,
S. aureus, E. coli, Erwinia caratovora, Pseudomonas syringae, Xanthomonas
campestris, Magnoporthe grisea, Fusarium proliferatum by garlic extract was

earlier reported in various research articles [61, 65, 66].
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5.4.2. Antibiofilm and anti-quorum sensing analysis
After observing the reduction in staphyloxanthin production of the GMM oil
against S. aureus, the antibiofilm activity of the GMM was also analyzed. In the
preliminary screening of the bacteria for biofilm production in Congo red agar
plates, S. aureus was found to produce a significant amount of biofilm due to
the production of exopolysaccharide and form slime (black). Due to this agar
diffusion and vapour assay in CRA was carried out to check the inhibition in
biofilm production. During both assays, we found that GMM oil showed a
significant reduction in biofilm production which was marked by reduced dark
pigmentation on the CRA plates compared to MO. The vapour of GMM was
found to significantly reduce the dark precipitate formation by S. aureus which
may be a strong correlation with the enhanced antibiotic susceptibility by
gentamycin, kanamycin and tetracycline. Also, the impairment of biofilm
production by S. aureus may be responsible for the reduced production of
staphyloxanthin which was earlier suggested by a few research groups [67, 68].
The ring biofilm inhibition assay showed a reduction in biofilm production in a
dose-dependent manner for both GMM and MO, were for GMM no ring was
observed from the concentration of 25 pl/ml. This finding helps in the
establishment of biofilm inhibition by GMM oil against S. aureus. Against, P
aeruginosa the GMM vapour was found to reduce the pyocyanin production
which is known to be a crucial virulence factor [69]. Also, during the broth
dilution method, a reduction in the pyocyanin was observed for GMM and MO
in a dose-dependent manner. During the microscopic assay, inhibition in the
biofilm was observed for GMM at 100 pl/ml then followed by MO (100 pl/ml).
Also, a reduction in the carbohydrate concentration in the EPS produced by P.
aeruginosa was observed at the concentration of 100 pl/ml of GMM> 200
pl/ml> 200 pl/ml GMM> 100 ul/ml MO. Violacein is a pigment produced by
Chromobacterium violaceum which is a marker pigment for quorum sensing
[70]. The GMM and MO vapour showed a positive inhibition in the violacein
production during vapour diffusion and broth dilution method. It is reported that
ajoene, allicin and isothiocyanate present in mustard oil are responsible for anti-
QS activity. The disulfide bond containing compounds from garlic and mustard

oil is found to downregulate the expression of key genes involved in QS
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pathways [71]. The compounds down-regulate /asR which further down-
regulates the expression of phzM (which encodes pyocyanin), psiB (a key role
for the synthesis of biofilm matrix polysaccharide) and chiC (responsible for

chitinase production) [72].

5.4.3. Antifungal activity
The optimized GMM had shown a significantly higher antifungal activity
against C. albicans during both agar and vapour diffusion assay. During the
experiment, the VOCs from both MO and GMM were found to be highly
antifungal. GMM showed higher antifungal activity than MO, which may be
due to the compounds from MO such as AITC and 1-Butene-4-isothiocyanato,
along with oil-soluble garlic compounds such as vinyl dithiin and ajoene.
Previous studies on the antifungal activity of GMM VOCs against C. albicans
have never been reported. Essential oil from clove and cinnamon during vapour
diffusion assay is reported to be effective against C. albicans by 60% and 70%,
respectively; and against Aspergillus flavus by 90% and 75%, as reported by
Lopez et al. 2005 [73]. Another research which is carried out using the method
of vapour diffusion by Delespaul et al. 2000 for 37 essential oils out of which
Cymbopogon martini (L.), Cymbopogon nardus (L.), Thymus vulgaris, Satureja
montana and Chenopodium ambrosioides showed maximum efficacy against 8
selected mould strains [74]. Prior reports by Isshiki et al. 1992, Dhingra et al.
2009, indicate that AITC found in essential oil of mustard species effectively
inhibits the growth of fungi associated with both human pathogenesis and food
spoilage, such as Aspergillus glaucus, Aspergillus parasiticus, Aspergillus niger,
Aspergillus  flavus, Penicillium citrinum and C. albicans [75, 76]. Allicin
vapour (50 mM) is earlier reported by Schier et al. 2023, to inhibit the growth
of Mucor racemosus (area of ZOI=1965 mm?) and Rhizopus stolonifer (area of
Z0I=2405 mm?) during vapour diffusion method [77]. Fungal infection in the
nasopharyngeal region has been observed to be linked with bronchiolitis in
infants, while C. albicans infections in the mouth and nasopharyngeal region
are known to affect individuals with weakened immune systems [78, 79]. The
use of essential oils for aromatherapy is known to be the one of oldest medicines

in the world and is known to be effective against bacterial, fungal and viral
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infections [79]. Thus, the GMM volatiles may be employed as aromatherapy to
treat fungus-related respiratory tract illnesses in future research works. Agar
diffusion is a straightforward and inexpensive method for detecting the MIC
and MBC against bacteria, according to Balouiri et al. 2016 [80]. Therefore, to
determine the MIC and MFC against C. albicans, we employed a similar
technique in our study. GMM/8 dilution (12.5 %, v/v) was found to be the
lowest concentration at which no fungal growth was observed under the oil and
thus it was considered the MIC and GMM/4 (25 %, v/v) was found to be the
lowest concentration at which fungicidal activity was observed and thus
considered to be the MFC. Nystatin (10ng) has shown a zone of inhibition of
2240.57 mm. Mirabadi et al. 2019 have reported that 30 ul of garlic essential
oil at the concentration of 250, 500 and 1000 pg/ml concentration gave a ZOI
against C. albicans with diameter of 9.83+1.09, 19.234+1.66 and 35.66+3.48
mm, respectively by agar diffusion method [81]. Prajapati et al. 2021 reported
the ZOI diameter of various concentration of garlic oil (10%, 20%, 30%, 40%,
50%) to be 12, 14, 18, 21 and 24 mm, respectively [82]. Garlic essential oils
were earlier reported to have a significant antifungal activity during radial
diffusion assay against species such as A. tenuissima by 100% at 1000 ppm
concentration [83]. Essential oils are developed into formulations such as gels,
semi-solids and ointments which are then used to counter fungal skin infections
[84]. Similarly, GMM oil may be developed into gels and ointments and then
tested against fungal skin infections. During the poison food assay, the radius
of the fungal colony was found to increase in dose dose-dependent manner. Li
et al. 2014 reported the MIC and MFC of garlic oil against P. funiculosum by
using poisoned food assay to be 0.0625 and 0.125 % (v/v), respectively [85].
Again Li et al. 2016 reported the MIC value of garlic oil against C. albicans to
be 0.35 pg/ml which was lower in concentration compared to our results which
may be due to a higher concentration of garlic-derived VOCs in garlic oil than
compared to GMM oil [86]. Under both conditions, the cells were found to be
ovular in structure with smooth cell walls. Likewise, C. albicans cell wall
damage and cytoplasmic content leakage were observed upon the treatment of

garlic aqueous extract were reported [87, 88]. SEM analysis on the effect of
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garlic essential oil against C. albicans is found to be scanty during our literature
survey. AITC was found to inhibit biofilm production in C. albicans at
concentrations more than 1mg/ml, but no cell disruption was reported [89].
Therefore, during the SEM analysis, other GMM VOCs may be assigned for
cell structure disruption of C. albicans. The in-silico molecular docking analysis
of volatile compounds of GMM and MO with N-myristoyltransferase was
conducted. N-myristoyltransferase is earlier reported to be the target protein
against C. albicans as it play a crucial role in signal transduction and required
for growth [90]. The molecular docking analysis of eight selected molecules
present in GMM with Inmt supports the facts that the combination of compound
found in GMM may be responsible for the higher antifungal activity against C.
albicans compared to MO. In research conducted by Shaweta et al. 2021, Z-
ajoene showed lowest binding energy of -5.07 Kcal/mol with 1, 3-beta-glucan
synthase (PDB ID: 4m80) which is a target molecule for black fungus [91].
Again, S- allyl cysteine and alliin had shown as significant lower binding energy
against three selected fungal protein receptors with PDB ID 5TZ, 4UYM and
2Y7L [92]. Diallyl disulfide, diallyl trisulfide and fluconazole were seen to form
complex with the sterol 14a-demethylase (CYP51) protein of C. albicans [93].

5.4.4. Cell viability assay against HEK293 normal cell line, THP-1 cell line and
MCF7 breast cancer cell line

The cell viability assay against a normal cell line was conducted to check its
cellular cytotoxicity. From the cell viability assay against HEK293 and THP-1
cell lines at the maximum concentration of 400 pg/ml for GMM and MO, we
observed no significant cytotoxicity. Whereas, very high cellular cytotoxicity
was observed for both GMM and MO against the MCF7 breast cancer cell line
in a dose-dependent manner. From figures 84 and 85, it can be observed that at
each concentration of MO and GMM (25, 50, 100, 200, 400 pg/ml) significantly
high cellular cytotoxicity was observed against MCF7 cell lines compared to
HEK and THP1 cell lines. According to research conducted by Li et al. 2002,
Z-ajoene had antiproliferative activity against breast cancer (MCF7),
nasopharyngeal carcinoma (KB), hepatocellular carcinoma (Bel 7402), gastric

carcinoma (BGC823), colon carcinoma (HCT), Hela cell (Hela), whereas had
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lower cytotoxicity against normal marsupial kidney cells (PtK2) [94]. Diallyl
trisulfide which is a OSC of garlic is earlier reported to induce apoptosis in the
MCF7 breast cancer cell line through upregulation of pro-apoptotic Bax and

p53 protein [95].

5.4.5. Anti-inflammatory activity
LPS is recognized for its ability to trigger the production of various pro-
inflammatory cytokines and chemokines such as IL-18, IL-6, TNF-q, IL-8, IL-
10 and IL-12 [96]. Building on our in-silico investigation into how our
compounds interact with various pro-inflammatory molecules, our subsequent
research focus is aimed at determining whether our compound can effectively
diminish the LPS-induced secretion of these pro-inflammatory cytokines in
THP-1 macrophages. Through an examination of the available literature, it was
observed that there is a lack of previous research investigating the anti-
inflammatory properties of garlic mustard oil macerate. Nevertheless, many
scientific investigations have been undertaken to explore the anti-inflammatory
characteristics of substances derived from garlic. Previous studies have
indicated that garlic extracts possess the ability to reduce the concentrations of
IL12, TNFa, IL1a, IL8, IFNy and IL2, while concurrently enhancing the
synthesis of IL-10 in both whole blood and human placental explants [97, 98].
In previous studies using RAW264.7 macrophages exposed to
lipopolysaccharide (LPS) stimulation, it has been observed that Z-ajoene and
allicin exhibit the ability to decrease the gene expression of IL-1f3, IL6 and IL2,
while concurrently enhancing the expression of IL10 [49]. From the results, it
also observed that upon MO treatment, the Cox2 expression was upregulated.
This observation could potentially be linked to the well-documented up-
regulatory effects of AITC present in mustard oil, on COX2 expression [99,
100]. Based on this observation, it is plausible to assert that the chemicals found
in GMM may have the ability to not only mitigate the overexpression of LPS-
induced COX-2, but also counteract the upregulation induced by AITC. Given
the documented COX-2-mediated inflammatory response to AITC in THP-1
cell lines, future research work could focus on the utilization of AITC as an

agent for initiating inflammation. Z-ajoene and E-ajoene along with other sulfur
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analogues from garlic are reported to have anti-inflammatory effects against
LPS-induced inflammation [50]. Although the analysis and observation are
currently based on the semi-quantitative analysis, therefore in the future qPCR
and western blotting analysis must be carried out to confirm the findings. From
the molecular docking analysis of the compounds present in GMM high binding
efficiency with COX-2, IL1p, IL6, IL8 and TNF o was observed. Z- ajoene
integrated with Cox2 with the lowest minimum binding energy out of all the
selected compounds via pi-sulfur, alkyl, van der Waals and pi-alkyl interactions.
Again, allicin was also found to bind strongly with a minimum binding energy
of -4.9 Kcal/mol with hydrogen bonds at Trp C:387 and His C:388, alkyl, pi-
alkyl and van der Waals interactions. Again, 1-butene-4-isothiocyanato was
found to bind more efficiently (-4.2 Kcal/mol) to Cox2 through hydrogen
bonding (Arg B:469), followed by van der Waals interaction. AITC binds to
Cox2 through weak interaction of van der Waal, alkyl and pi-alkyl giving the
binding affinity of -3.7 Kcal/mol. Sinigrin which is a precursor to AITC present
in mustard oil was found to bind strongest with Cox2 through several hydrogen
bonding (Asn C:34, Asn C:39, Gln C:461, Gly C:45, Try C:130, Cys C:47 and
Ser C:49), allyl and van der Waals interaction giving the binding energy of -7.6
Kcal/mol. Similarly, highest binding affinity with Cox2 protein was observed in
case of 3-vinly dithiin, E-ajoene and 2-vinly dithiin giving the binding energy
of -5.3, -4.9 and -5.0 Kcal/mol.

5.4.6. ADME and drug-likeness analysis
Consequently, the ADME and drug-likeness investigations were conducted for
all the major compounds in GMM. The compound's bioavailability may be
impeded by one or more infringements of Lipinski's rule [101]. The findings of
our study indicated that none of the eight compounds that were chosen for
analysis were found to violate Lipinski's criterion. All molecules in the dataset
possess a molecular weight below 500 dal, a hydrogen bond acceptor count less
than 5, a hydrogen bond donor count less than 10 and a logP value below 5.
Except for sinigrin, it was observed that all the other 7 compounds had a
significantly high absorption throughout the gastrointestinal tract.
Consequently, even though sinigrin demonstrated the best binding affinity with
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all the chosen proteins during molecular docking research, effective bioactivity
may not be attained because of limited GI absorption. In terms of blood-brain
barrier permeability (BBB), AITC, allicin, 2-vinyl-dithiin and 3-vinyl-dithiin
exhibited high permeability and other compounds did not pass through the BBB.
P-glycoprotein is associated with the efflux of substrate drugs from the cells,
thus decreasing the efficient activity of the drug [102, 103]. Except for sinigrin,
no other compound is observed to be a Pgp substrate. Again, E-and Z-ajoene
was found to be an inhibitor for CYP2C9 protein which breaks down steroid

hormones and fatty acids [104].

5.4.7. Transdermal activity
The diffusion cell that was prepared in the laboratory had the limitation of using
a new setup for each incubation time. However, it was seen that for 2 ml of oil
of MO and GMM, it took approximately 2 hours of incubation time at 37°C.
The eggshell membrane was found to retain approximately 17.55 mg of oil
during the diffusion and the rest of the oil either got transferred or retained in
the cap of the donor compartment. The FTIR results showed the transmittance
for untreated eggshell membranes at 3459, 1635, 1400, 1091 and 648 cm™!. The
1635 cm™! corresponds to collagen (C=O stretching) which is one of the major
components of the eggshell membrane [105], 1400 c¢cm corresponds to
symmetrical vibration of carboxylate which are mainly found in proteins and
lipids [106], 1091 cm is found to correspond to antisymmetric C-O-C
stretching usually present in glycosidic linkage in IR spectra of di- and
polysaccharides or glycoproteins in the membrane structures [107] and 648 cm’
! which is assigned for in-plane bending for carbonyl group [108]. The FTIR
results for the MO/GMM oil-treated eggshell membrane showed minimum
transmittance at peaks which we observed during the FTIR analysis of MO and
GMM oil. Moreover, peaks corresponding to the eggshell membrane were not
seen which may be due to the ~95% abundance of oil by weight in the
membrane. During LCMS analysis of the oil diffused through the membrane
after 2 hours of incubation has shown the presence of allicin (m/z=163.100) at
retention time of 2.77 minutes which was not observed at the same retention

time for MO. Again, at retention time of 7.43 minutes the presence of 2-vinyl-
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4H-1,3-dithiin (m/z=145.100) and ajoene (m/z=235.100) were not detected for
MO at the same retention time. This finding supports the fact that during the
application of GMM oil in traditional practice, the mustard oil helps in the
transfer of the garlic derived OSCs through the skin. Although for further
confirmation of the results the transdermal assay must be carried out using

human or animal stratum corneum in the future research.

5.4.8. Sensory acceptability test
During the sensory test, it was seen that the means of the relative score for the
colour of both MO and GMM were not significantly different which supports
the fact that the preparation process of GMM did not change the colour of the
oil. The volunteers scored significantly higher for the aroma and flavour of
GMM in the MO. This finding helped in understanding the quality of GMM to
be better in terms of flavor and aroma which may be due to the presence of

garlic compounds in the oil.
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