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ABSTRACT
Background: Long duration of treatment, side-effects of currently 
used anti-tubercular drugs and emergence of drug-resistant forms of 
Mycobacterium tuberculosis (MTB) warrants the need to develop new 
drugs to tackle the scourge of tuberculosis (TB). Garlic is an edible plant 
reported to have anti-tubercular activity. However, previous researches 
on anti-tubercular effect of garlic were focused mostly on preliminary 
in  vitro screening. Objective: To identify constituents responsible 
for anti-tubercular activity of thiosulfinate-derivative rich extract of 
garlic  (GE) and to evaluate activity of the most active constituent in 
RAW 264.7 mouse macrophage cells infected with M. tuberculosis 
H37Rv  (MTBH). Materials and Methods: In the present study, we 
have isolated eight compounds from GE by flash chromatography. 
The isolated compounds were characterized by 1H nuclear magnetic 
resonance spectroscopy, liquid chromatography-mass spectrometry 
and Fourier transform infrared spectroscopy. Individual isolates and GE 
were screened for activity against MTBH by Resazurin Microtitre Plate 
Assay  (REMA). Results: Anti-tubercular activity of GE was superior to 
that of isolates when evaluated by REMA, possibly due to synergism 
amongst the constituents of GE. Cytotoxicity of GE was evaluated in 
RAW 264.7 mouse macrophage cells and it was observed that GE had 
a favorable selectivity index  (>10). Therefore, anti-tubercular activity of 
GE was further evaluated by intracellular macrophage infection model. 
GE demonstrated concentration-dependent activity in macrophages 
infected with MTBH. Conclusion: This is the first report on intracellular 
anti-tubercular activity of any extract of garlic or its components. 
Appreciable intracellular anti-tubercular activity of GE in macrophages 
combined with low cytotoxicity makes it a suitable candidate for further 
development as an anti-tubercular agent.
Key words: Garlic, intracellular, macrophages, thiosulfinate-derivatives, 
tuberculosis

SUMMARY
•  Thiosulfinate-derivative rich extract of Allium sativum showed better 

activity than its isolated constituents against Mycobacterium tuberculosis 
H37Rv (MTBH) when evaluated by Resazurin Microtitre Plate Assay

•  The extract showed least cytotoxic potential against RAW 264.7 mouse 
macrophage cells as compared to rifampicin, isoniazid and ethambutol when 
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
assay. The extract had an appreciable selectivity index

•  Extract showed appreciable activity in RAW 264.7 mouse macrophage cells 

infected with MTBH, indicating its potential to be developed further as an 
anti-tubercular agent that can be administered as an adjunct to the existing 
anti-tubercular drug regimen.

Abbreviations used: TB: Tuberculosis, MTB: Mycobacterium tuberculosis, 
MTBH: Mycobacterium tuberculosis H37Rv, GE: Thiosulfinate-derivative 
rich extract of garlic, REMA: Resazurin Microtitre Plate Assay, 
VD: Vinyldithiin, CFU: Colony forming unit, 1H NMR: 1H nuclear magnetic 
resonance spectroscopy, FT-IR: Fourier transform-infrared spectroscopy, 
LC-MS: Liquid chromatography-mass spectrometry, IC50: Concentration 
required to inhibit the cells by 50%, ANOVA: Analysis of variance.
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INTRODUCTION
Tuberculosis (TB), along with HIV is the leading cause of morbidity 
and mortality worldwide. In 2014, World Health Organization 
reported 9.6 million new TB cases, out of which approximately 
480,000 were affected by multi-drug resistant  (MDR) forms of 
Mycobacterium tuberculosis (MTB). The largest numbers of TB cases 
in 2014 were reported in India  (23%), Indonesia  (10%) and China 
(10%).[1]
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In spite of being a major health problem, TB has remained a neglected 
disease. Since the introduction of rifampicin as an anti-tubercular 
agent, drug discovery for treatment of TB has been sluggish. 
Currently, the cornerstone of TB control is the prompt treatment using 
first-line drugs-isoniazid, ethambutol, rifampicin, pyrazinamide and 
streptomycin, administered through the directly observed treatment 
short-course (DOTS) strategy.[2]

There are several drawbacks associated with the currently used DOTS 
course, like long duration and complexity of treatment, which leads 
to patient non-compliance. In addition, various side effects, like 
hepatotoxicity and nephrotoxicity, associated with the currently used 
anti-tubercular drug regimen leads to untimely and often premature 
cessation of the treatment. Furthermore, emergence of MDR, 
extensively-drug resistant and totally-drug resistant strains of MTB 
has proved to be a serious threat to TB control and eradication. This 
situation highlights the urgent need to identify new drugs that will help 
in reduction of the treatment period and are effective against all forms of 
MTB with fewer side-effects.[3]

Plants have been used since ages for the treatment of various diseases. 
Natural products or their semi-synthetic derivatives may act as novel 
anti-tubercular agents.[4] Allium sativum L. (family: Liliaceae), commonly 
known as garlic has been reported to possess diverse pharmacological 
properties including anti-inflammatory, antihelminthic and 
cholesterol-lowering effects. It has also been prescribed for the treatment 
of various infections caused by Gram-positive and Gram-negative 
bacteria.[5-7] Most of the health benefits associated with garlic have 
been attributed to the thiosulfinate allicin, which is the most abundant 
organosulfur compound found in freshly chopped or crushed garlic. The 
thiosulfinate derivatives such as ajoene and vinyldithiins (VD), that are 
formed when crushed garlic is heated or treated with organic solvents, 
are more stable than allicin.[8,9]

The anti-tubercular activity of garlic was first reported in 1946.[10] Since 
then, various studies have been carried out to determine the preliminary 
in  vitro anti-tubercular activity of garlic.[11-15] The activity of crude 
aqueous/ethanolic garlic extract against drug-resistant forms of MTB has 
also been investigated.[16,17] Moreover, hepatoprotective activity of garlic 
extract against anti-TB drug induced hepatotoxicity is proven.[18,19] These 
properties of garlic make it a suitable candidate for further exploration of 
its anti-tubercular potential. Most of the research carried out pertaining 
to the anti-tubercular activity of garlic has been done using isolated 
allicin or aqueous garlic extract rich in allicin and other thiosulfinates.
The present study was carried out to determine anti-tubercular activity 
of thiosulfinate-derivative rich extract of garlic  (GE) and to identify 
components of the extract responsible for the activity. The extract 
was further evaluated for its anti-tubercular potential in RAW 264.7 
mouse macrophage cells infected with Mycobacterium tuberculosis 
H37Rv  (MTBH). In human beings, MTB grows and multiplies within 
the macrophages and therefore it is important to evaluate the activity of a 
potential anti-tubercular agent within macrophages infected with MTB. 
To the best of our knowledge, this is the first report on anti-tubercular 
activity testing of any extract or constituent of garlic in macrophages 
infected with MTB.

MATERIALS AND METHODS
Chemicals and reagents
All the chemicals and solvents used in this study were of analytical 
reagent grade and were purchased from SD Fine, India. Middlebrook 
7H9 broth base and Middlebrook 7H11 agar base were purchased from 
Difco Laboratories. Antibiotic-antimycotic solution, RPMI-1640 media 
and fetal bovine serum were procured from GIBCO, Life Technologies 
Corporation, USA. ADC and OADC growth supplements were procured 

from Hi-Media Laboratories Ltd., India. Standard drugs isoniazid, 
ethambutol and rifampicin were obtained as gift samples from Lupin 
Ltd., Mumbai, India.

Plant material and extraction
Garlic bulbs were procured from the local market in Mumbai, 
Maharashtra, India. The plant was authenticated and a voucher 
specimen of the same (#:ppP1030620) was deposited in the Herbarium 
of Department of Botany, G.N. Khalsa College, Mumbai, India.
To obtain GE, fresh garlic bulbs  (150  g) were crushed and refluxed 
using hydroalcoholic mixture  (1:1, 500  mL) for 2  h at 40°C. Ethanol 
was recovered under vacuum at 30°C. The marc that was obtained was 
filtered using a muslin cloth and the filtrate was subjected to solvent 
partitioning using ethyl acetate. The ethyl acetate layer was concentrated 
under vacuum at 30°C to obtain a yellowish-brown oily extract.[20] This 
extract (GE) was stored at −20°C until further use.

Qualitative analysis and fractionation of garlic 
extract
GE was analyzed by High Performance Thin Layer 
Chromatography  (HPTLC). Samples  (20 µL) were applied as bands 
on aluminum coated TLC silica gel 60 F-254 plates (Merck, Germany) 
using Camag Linomat 5 applicator. The plates were developed using 
a mobile phase consisting of toluene:  ethyl acetate:  chloroform: 
methanol  (8:20:12:60%  v/v). The plates were then scanned at 254  nm 
using Camag TLC scanner 3.
GE was further chromatographed using Buchi C615 flash chromatography 
system  (Buchi Sepacore Record 1.0 software). Fractions were eluted 
using a gradient of chloroform: methanol (100:0–90:10). The fractions 
that were obtained were further purified by preparative TLC using silica 
gel GF254 as the stationary phase and toluene: ethyl acetate: chloroform: 
methanol (8:20:12:60% v/v) as the mobile phase. The compounds which 
were isolated were characterized by Liquid Chromatography-Mass 
Spectrometry  (LC-MS) by electro spray positive ionization technique 
using WATERS, Micromass Q-TOF with Waters Alliance 2795 micro 
separation module (Waters X-Terra C-18 column); Fourier Transform-
Infrared spectroscopy (FT-IR) (JASCO FT/IR-4100 type A instrument) 
and 1H-Nuclear Magnetic Resonance  (1H-NMR)  (Bruker Advance 
II 400 NMR spectrometer with 1.3 Topsin software using deuterated 
chloroform as solvent).

Maintenance and preparation of bacterial culture
MTBH  (ATCC 27294) was grown at 37°C in Middlebrook 7H9 broth 
medium supplemented with 10% ADC  (albumin dextrose-catalase) 
supplement.[21]

Culture of MTBH in log-phase of growth was centrifuged for 10 min at 
2500  rpm, washed twice and suspended in phosphate-buffered saline. 
The cultures were thoroughly cyclomixed in a glass tube containing 
glass beads and passed through 21-gauge needle to obtain a single cell 
suspension. Optical density of the culture suspension was measured at 
600 nm and it was suitably diluted using Middlebrook 7H9 broth before 
being used for the studies.

Preliminary evaluation of anti-tubercular activities 
of garlic extract and isolates
The anti-tubercular activities of GE and isolates were first evaluated 
by Resazurin Microtitre Plate Assay  (REMA) method as described by 
Martin et al., 2005, with minor modifications.[22]

Stock solutions  (1000  µg/mL) of GE and isolates were prepared 
in 3% dimethyl sulfoxide  (DMSO). Anti-tubercular activities of 
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GE/isolates were compared with the activities of standard anti-tubercular 
drugs-rifampicin, isoniazid and ethambutol. Stock solution of 
rifampicin (10 µg/mL) was prepared using 1% methanol. Stock solutions 
of isoniazid  (200 µg/mL) and ethambutol  (200 µg/mL) were prepared 
using sterile water. The stock solutions were filtered using sterile 0.22 µm 
nylon filter (Hi-Media Laboratories, India). Further dilutions were made 
aseptically using Middlebrook 7H9 broth.
100 µL sterile Middlebrook 7H9 broth was aseptically dispensed into 
each well of the 96-well microtitre plate  (Tarsons). 100 µL of stock 
solutions of GE/isolates and standard drugs were dispensed in triplicate 
into the microtitre plate and sequential 2-fold dilutions were made 
in the plate itself. This was followed by addition of 100 µL of MTBH 
culture suspension containing 2  ×  106 colony forming unit  (CFU) in 
1 mL of broth. Sterility controls, growth controls and DMSO/methanol 
containing growth controls were also maintained. Plates were incubated 
at 37°C for 7  days under humidified conditions. After completion of 
incubation period, 30 µL of 0.01% w/v sterile resazurin sodium solution 
was added and the plates were again incubated at 37°C for 24  h. The 
plates were then observed for color change from blue to pink/colorless, 
which indicated growth. The lowest extract/drug concentration that 
prevented color change from blue to pink was taken as the upper limit for 
minimum inhibitory concentration  (MIC) range, whereas, the highest 
drug concentration that showed change in color from blue to pink was 
considered the lower limit. The extract/isolate that showed appreciable 
anti-tubercular activity by REMA method was considered for evaluation 
of anti-tubercular activity in RAW 264.7 mouse macrophages infected 
with MTBH.

Propagation and maintenance of RAW 264.7 mouse 
macrophage cell lines
RAW 264.7 mouse macrophage cells were routinely maintained as 
described by Chandrasekaran et al., with minor modifications. Briefly, 
RAW 264.7 mouse macrophage cells were maintained in a 25 cm2 
cell-culture flask  (Tarsons) using RPMI-1640 medium supplemented 
with 10% fetal bovine serum, 1% antibiotic-antimycotic solution, 2.0 g/L 
sodium bicarbonate, 1% L-glutamine and 25 mM HEPES buffer, at 
37°C in a humidified incubator with 5% CO2 supply.[23] After reaching 
90% confluence, the cells were trypsinized, counted by trypan blue dye 
exclusion technique using a hemocytometer and used for further studies.

Evaluation of cytotoxic effect of garlic extract and 
standard drugs on RAW 264.7 mouse macrophage 
cells
The in  vitro cytotoxicity of GE and standard drugs were 
evaluated in RAW 264.7 mouse macrophage cell lines by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  (MTT) 
assay.
Stock solution of GE (10,000 µg/mL) was prepared in 3% DMSO and 
further dilutions were made with complete RPMI medium to obtain 
concentrations ranging from 2.5 to 5000  µg/mL. Stock solution of 
rifampicin (10,000 µg/mL) was prepared in 1% methanol, whereas, stock 
solutions of isoniazid (10,000 µg/mL) and ethambutol (10,000 µg/mL) 
were prepared in complete RPMI medium. The standard drugs were 
further diluted using complete RPMI medium to obtain concentrations 
ranging from 2.5 to 5000 µg/mL.
For evaluation of cytotoxicity, 104 cells/well (in 100 µL complete RPMI 
medium) were seeded in 96-well microtitre plates. The plates were 
incubated at 37°C, 5% CO2 for 24  h to allow adhesion of cells to the 
base of the microtitre plate. The supernatant from each well was then 
discarded and 100 µL of various concentrations of GE and standard drugs 

were added in triplicate to the wells. The plates were again incubated at 
37°C, 5% CO2 for 4 days. After completion of the incubation period, the 
supernatant was discarded and cells were washed with 1  ×  phosphate 
buffered saline (PBS) before addition of 100 µL MTT (0.5 mg/mL). The 
plates were then incubated for 4 h at 37°C, 5% CO2.
The metabolically active cells reduced MTT to a purple colored insoluble 
derivative called formazan. Formazan crystals that were formed were 
dissolved by adding 100 µL of 20% sodium dodecyl sulfate (SDS) to each 
well. The plates were then kept at room temperature for 30 min to allow 
complete solubilization of formazan and the absorbance readings were 
taken at 570 nm using a microplate reader. The percentage cell viability 
in presence of extracts/standard drugs was calculated in comparison to 
the untreated cells.[24]

The IC50 and selectivity index values were determined. IC50 was defined 
as the concentration of extract/standard drugs at which 50% cells were 
viable in comparison to the untreated control wells. Selectivity index was 
defined as the ratio of IC50 to MIC value obtained by REMA.[25]

Activity of garlic extract in RAW 264.7 mouse 
macrophage cells infected with MTBH
In order to further validate the results obtained by REMA, the activity of 
GE was evaluated in RAW 264.7 mouse macrophage cells infected with 
MTBH.
RAW 264.7 mouse macrophage cells were plated in 24-well tissue culture 
plates at a concentration of 106 cells per well in complete RPMI medium. 
The cells were then incubated at 37°C, 5% CO2 for 24 h. The supernatant 
from each well was then discarded and the cells were infected with 
1  mL of bacterial suspension containing 5  ×  106 CFU of MTBH in 
antibiotic-free RPMI medium. The plates were then incubated at 37°C, 
5% CO2 for 4 h. The cells were washed four times with PBS to remove any 
traces of extracellular bacteria. 1 ml of varying concentrations of extract 
solution (5–150 µg/mL) prepared in antibiotic-free RPMI medium was 
added to the wells. Rifampicin, isoniazid and ethambutol  (10 µg/mL) 
were used as positive controls. Negative control wells contained untreated 
cells infected with MTBH. The plates were incubated at 37°C, 5% CO2. 
On day 1 and day 4, the supernatant from each well was discarded and the 
cells were gently washed with antibiotic-free RPMI. The cells were then 
lysed using 0.06% SDS dissolved in sterile water. The lysates were diluted 
in 1:10 ratio with sterile PBS and 10 µL was plated on Middlebrook 
7H11 agar (Difco) supplemented with OADC. The plates were incubated 
for 21 days at 37°C in a humidified incubator and the colony forming 
units were enumerated. Data was expressed as CFU  ×  104  ±  standard 
deviation (SD) (n = 3) for each drug concentration.[26] The concentration 
of extract required to reduce the initial bacterial concentration by 90% 
was calculated.[25]

Statistical analysis
All experiments were carried out in triplicate and results were expressed 
as mean ± SD. Statistical significance of data was evaluated by two-way 
Analysis of Variance (ANOVA) test using GraphPad Prism 6.0 software 
(GraphPad Software Inc., California). The data was considered to be 
statistically significant if P ≤ 0.05.

RESULTS AND DISCUSSION
Qualitative analysis and fractionation of garlic 
extract
Fresh garlic bulbs were extracted by the method described above and 
yield of GE obtained was 0.7 ± 0.2% w/w. The extract was qualitatively 
analyzed by HPTLC method.
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GE was further chromatographed using a flash chromatography 
system followed by preparative TLC to isolate individual components 
present in the extract. Eight different components were isolated from 
the extract. Characterization of each of the isolates was carried out by 
FT-IR, LC-MS and NMR. Structures of isolates 1–8 are presented in 
Figure 1.
Isolate 1: Clear yellow liquid; mass  (m/z): 147.09 [M+1]+;  
1H-NMR (δ):  6.13 m (S-CH2-CH=CH2), 5.09 d (S-CH2-CH=CH2),  
3.34 d (S-CH2-CH=CH2); FT-IR (cm-1): 3097  (C-H), 2991  (C  =  CH), 
580 (S-S), 1642 (C = C). These data were consistent with the structure 
of diallyl disulfide.
Isolate 2: Clear faint yellow liquid; mass  (m/z): 120.23  [M+1]+; 
1H-NMR  (δ): 6.07 m (S-CH2-CH=CH2), 5.12 m (S-CH2-CH=CH2),  
3.29 d (S-CH2-CH=CH2), 2.41 s (CH3-S-S); FT-IR (cm-1): 3082 (C-H), 
2978 (C = CH), 569 (S-S), 1629 (C = C). These data were consistent with 
the structure of allyl methyl disulfide.
Isolate 3: Reddish brown oil; mass  (m/z): 144.25  [M+]; 1H-NMR  (δ):  
6.12 d (S-CH=CH), 5.99 m (CH-CH=CH), 5.74 m (CH=CH-CH2),  
5.18 m (CH-CH=CH) , 3.36 m (CH2-CH-CH), 2.28 m (CH-CH2-CH); 
FT-IR (cm-1): 567 (S-S, w), 3024 (C=C-H), 1630 (C = C). These data were 
consistent with the structure of 3-vinyl-4H-1,2-dithiin (3-VD).
Isolate 4: Red oil; mass  (m/z): 144.25  [M+]; 1H-NMR  (δ): 6.18 d 
(CH=CH-S), 5.82 m (CH2-CH=CH), 5.19 d (CH=CH2), 4.58 d (S-CH-S), 
3.26 d (CH-CH2-S); FT-IR (cm-1): 3018  (C=C-H), 1609  (C  =  C). This 
fraction was identified as 2-vinyl-4H-1,3-dithiin (2-VD). The isomers of 
VD viz., fraction 4 and 5 were differentiated on the basis of NMR data.
Isolate 5: Yellow oil; mass  (m/z): 235.1  [M+1]+; 1H-NMR  (δ):  
6.23 d (CH=CH-S), 5.98 m (S-S-CH=CH-CH2), 5.74 m (CH2=CH-CH2), 
5.46 m (CH2=CH), 5.09 m (CH2=CH), 3.21 d (=CH-CH2-S=O), 3.38 
d (S-S-CH2-CH); FT-IR (cm-1): 1095  (S=O stretch), 1387  (S=O), 
1645  (C=C), 3062  (C-H). The spectral characterization data of this 
fraction was consistent with the structure of E-ajoene.
Isolate 6: yellow oil; mass  (m/z): 235.1  [M+1]+; 1H-NMR  (δ):  
6.13 d (CH=CH-S-S), 5.82 m (CH2-CH=CH2), 5.53 and  
5.24 m (CH2=CH-CH2-SO), 3.5 m (CH-CH2-SO-CH2-CH), 3.23 d  
(S-S-CH2-CH); FT-IR (cm-1): 1097 (S=O stretch), 1658, 1642 (C = C), 
3078 (C-H). This fraction was identified as Z-ajoene. Both fraction 6 and 
7 showed a characteristic S=O stretch at 1097. The structures of ajoene 
isomers were identified based on the NMR data.

Isolate 7: yellow oil; mass  (m/z): 152.3  [M+1]+; 1H-NMR  (δ):  
5.96 m (CH2-CH=CH2), 5.03 and 5.14 m (CH=CH2), 3.23 d (S-CH2-CH), 
2.12 s (CH3-S); FT-IR (cm-1): 2857  (C-H stretch), 3094  (=C-H) bend, 
658 (C-S stretch). The spectral data of isolate 7 was consistent with the 
structure of allyl methyl trisulfide.
Isolate 8: yellow oil; mass  (m/z): 162.27  [M+]; 1H-NMR  (δ):  
6.05 m (S-CH2-CH=CH), 5.92 m (CH2=CH-CH2), 5.52 d (1H), 5.41  
and 5.12 d (CH2=CH-CH2-SO), 5.22 d (CH2=CH-CH2-S), 3.31 d 
(CH-CH2-SO-S); FT-IR (cm-1): 1085  (S=O), 2869  (C-H stretch), 
3090 (=C-H) bend, 651 (C-S stretch). The spectral data of fraction 8 was 
consistent with the structure of allicin.
GE was majorly composed of the isomers 3-VD and 2-VD followed by 
E/Z-ajoene. The sulfides were present in minor quantities in the extract. 
Though the extraction procedure involves the use of organic solvents, 
a small amount of allicin was retained in the extract, possibly due to 
the controlled heating and fractionation techniques used during the 
extraction procedure.
The spectral data recorded for isolates 1, 3, 4, 5, and 6 are in agreement 
with the data previously reported by Ilic et al. in 2012 where they had 
studied the effects of various physical and chemical parameters on 
transformation of allicin.[27]

Preliminary evaluation of anti-tubercular activity of 
garlic extracts
The anti-tubercular activity of GE was evaluated in  vitro by REMA 
method. The extract showed appreciable activity against MTBH when 
evaluated by REMA. Therefore the individual compounds 1–8 isolated 
from GE were evaluated in an effort to identify the components 
responsible for anti-tubercular activity of GE. The anti-tubercular activity 
of GE, isolates, isoniazid, ethambutol and rifampicin are presented in 
Table 1.
In 2001, Tsao and Yin reported that the number of disulfide bonds was 
an important factor in determining the antimicrobial potential of diallyl 
sulfide components present in garlic.[28] This may be the probable reason 
why diallyl disulfide and allyl methyl disulfide did not show anti-tubercular 
activity at the highest concentration tested, i.e.,  250 µg/mL, whereas, 
allyl methyl trisulfide was active at 125–250 µg/mL when evaluated by 
REMA. It has been reported in literature that Z-ajoene possesses better 
antimicrobial and antioxidant activity than E-ajoene.[12,29] However, in 

Table 1: Anti-tubercular activities of thiosulfinate-derivative rich extract of 
garlic, isolates and standard drugs against Mycobacterium tuberculosis H37Rv 
by Resazurin Microtitre Plate Assay method

Drug/extract MIC±SD (µg/ mL)
GE 7.8125-15.625a

Isolate 1 (diallyl disulfide) No activity up to 250 µg/mL
Isolate 2 (allyl methyl disulfide) No activity up to 250 µg/mL
Isolate 3 (3-vinyl-4H-1,2-dithiin) 125-250b

Isolate 4 (2-vinyl-4H-1,3-dithiin) 62.5-125±2.09c

Isolate 5 (E-ajoene) 125-250b

Isolate 6 (Z-ajoene) No activity up to 250 µg/ mL
Isolate 7 (allyl methyl trisulfide) 125-250b

Isolate 8 (allicin) 62.5-125c

Combination of compounds 3, 4, 5, 7 and 8 50-100c

Rifampicin 0.0975-0.195d

Ethambutol 0.39-0.78±0.18e

Isoniazid 0.39-0.78e

The data (MIC±SD) are expressed as mean of three sets of experiments. Data 
where SD values are not mentioned indicate that same results were obtained 
in all three sets of experiments. Different letters indicate significant difference 
between results (P<0.05). GE: Thiosulfinate-derivative rich extract of garlic; 
SD: Standard deviation; MIC: Minimum inhibitory concentration

Figure  1: Structures of isolates 1–8 from thiosulfinate derivative-rich 
extract of garlic. The compounds were isolated by flash chromatography 
followed by further purification using preparative thin layer 
chromatography. The structures were identified by 1H nuclear magnetic 
resonance spectroscopy, liquid chromatography-mass spectrometry and 
Fourier transform infrared spectroscopy
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our study we observed that E-ajoene showed anti-tubercular activity at 
125–250 µg/mL and Z-ajoene was inactive at the highest concentration 
evaluated i.e., 250 µg/mL. This may be possibly due to degradation of 
Z-ajoene after incubation at 37°C for 7 days.[30]

Allicin, though present in minor amounts in the extract was found to 
be very effective against MTBH. Our findings are in agreement with the 
results previously reported for anti-tubercular evaluation of allicin. The 
anti-tubercular activity of allicin and ajoene may be due to the presence 
sulfinyl and disulfide groups, which are reported to be important 
for antimicrobial activity of sulfur-containing compounds.[12,31] Both 
isomers of VD were found to be active against MTBH and 2-VD was 
more active than 3-VD.
Though isolates 3, 4, 5, 7 and 8 were active against MTBH when 
evaluated by REMA, their activities were significantly lower than the 
anti-tubercular activity of GE. Moreover, GE showed significantly better 
activity than combination of compounds 3, 4, 5, 7 and 8 (P < 0.05). This 
implies that all compounds present in GE act in synergism to exert 
the anti-tubercular activity. The solvent control wells used in the study 
had turned pink, indicating that the solvents had no bearing on the 
anti-tubercular activity of GE or its isolates. When evaluated by REMA, 
it was observed that GE possessed appreciable anti-tubercular activity, 
however, rifampicin, isoniazid and ethambutol showed significantly 
better activity as compared to GE (P < 0.05). The compounds that show 
good anti-tubercular activity by in vitro techniques are screened using 
macrophage infection assay to determine its ability to inhibit growth of 
MTB in intracellular conditions.[25] Since GE showed significantly better 
activity as compared to the isolates, GE was considered for evaluation 
of cytotoxicity and anti-tubercular activity in RAW 264.7 mouse 
macrophage cells.

Evaluation of cytotoxic effect of garlic extract and 
standard drugs on RAW 264.7 mouse macrophage 
cells
The cytotoxic effect of GE against RAW 264.7 mouse macrophage cells 
was evaluated by MTT assay. The results of the study are summarized in 
Figure 2.
As evident from Figure  2, GE showed least cytotoxic potential as 
compared to standard drugs at all concentrations tested. After 4  days 

of incubation, 50% reduction in viability was observed only in cells 
treated with approximately 1800 µg/mL GE. Rifampicin, isoniazid and 
ethambutol showed significantly greater cytotoxicity as compared to GE 
at all concentrations evaluated (P < 0.05). The IC50 value for rifampicin 
and isoniazid were approximately 1000 µg/mL and that for ethambutol 
was 1250 µg/mL. The selectivity index of the extract was calculated by 
dividing the IC50 by MIC. It was observed that the selectivity index for 
GE was 120. Compounds showing selectivity index >10 are considered 
to be suitable candidates for evaluation of intracellular anti-tubercular 
activity.[25] Therefore, GE was considered suitable for further evaluation 
of anti-tubercular activity in RAW 264.7 macrophage cells infected with 
MTBH.

Activity of garlic extract in RAW 264.7 mouse 
macrophage cells infected with MTBH
Mycobacteria remain housed in the phagosomal compartment of 
the macrophages, therefore, it is necessary to either activate the 
macrophages or deliver drugs to target the macrophages in order to 
kill the intracellular mycobacteria.[24] The anti-tubercular activity of GE 
within RAW 264.7 mouse macrophage cells was tested after incubation 
of infected macrophages with various concentrations of the extract 
(5–150 µg/mL) for 1 and 4 days. The activity of GE was compared to 
that of the standard drugs rifampicin, isoniazid and ethambutol. The 
concentration of standard drugs used in the study was 10 µg/mL, which 
is higher than the reported Cmax of the drugs after oral administration 
of the standard DOTS course.[32-34] The number of CFUs were plotted 
against drug concentrations and the results are summarized in Figure 3.
The maximum concentration of GE used in the study was 150 µg/mL, 
i.e.,  approximately 1/10th  of the IC50 value obtained from cytotoxicity 
studies. This implies that approximately 95% cells were viable even after 
4 days of treatment with the maximum concentration of GE used in the 
study. Therefore, the anti-tubercular activity of GE may be either due 
to its internalization or due to activation of the cells by its components.
Statistical analysis of the results by two-way ANOVA revealed that GE 
showed significantly better anti-tubercular activity as the concentration 
was increased (P < 0.05). However, the difference between the activities 
of cells treated with same concentration of GE for different time 
intervals was not statistically significant for all concentrations, except 
50 and 100 µg/mL (P > 0.05). Maximum activity of GE was observed 
at a concentration of 150 µg/mL after 4 days of incubation. As evident 
from Figure  3b, approximately one log reduction in the number of 
colony forming units  (EC90) was observed after incubation of infected 
cells with 100  µg/mL for 4  days. It was observed that the standard 
drugs rifampicin  (10  µg/mL), isoniazid  (10  µg/mL) and ethambutol 
(10 µg/mL) also did not show one log reduction after 4 days of incubation 
with the infected macrophages. GE at 50 µg/mL showed intracellular 
anti-tubercular activity significantly better than ethambutol (10 µg/mL) 
and isoniazid  (10 µg/mL)  (P  <  0.05). Rifampicin  (10 µg/mL) showed 
better activity as compared to GE (50 µg/mL), however, the difference in 
activities was not statistically significant (P > 0.05).

CONCLUSION
In the current study, we have explored the anti-tubercular potential of GE 
against MTBH. The extract showed significantly better anti-tubercular 
activity as compared to the isolates. The standard drugs, i.e.,  isoniazid, 
rifampicin and ethambutol showed significantly lower MICs as 
compared to GE by REMA method. However, when tested in RAW 264.7 
mouse macrophages infected with MTBH, extract at 50 µg/mL showed 
activity comparable to rifampicin  (10 µg/mL) and significantly better 
than isoniazid  (10  µg/mL) and ethambutol  (10  µg/mL). Cytotoxicity 

Figure  2: Cytotoxic effects of thiosulfinate-derivative rich extract of 
garlic and standard drugs against 104  cells/well of RAW 264.7 mouse 
macrophage cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay after 4 days of incubation. The absorbance was determined 
at 570 nm. The results are expressed as mean ± standard deviation of three 
sets of experiments. Concentrations ranging from 2.5 to 5000 µg/mL of 
thiosulfinate-derivative rich extract of garlic and standard anti-tubercular 
drugs were evaluated
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studies of the extract revealed that the IC50 value of GE in RAW 264.7 
mouse macrophage cells was almost 1800  µg/mL as against the IC50 
values of 1000 µg/mL for isoniazid and rifampicin and 1250 µg/mL for 
ethambutol. Standard drugs viz., rifampicin, isoniazid and ethambutol 
showed significantly higher cytotoxicity as compared to GE at all 
concentrations tested. It can thus be inferred that concentrations of GE 
that demonstrate anti-tubercular activity comparable to or better than 
the standard drugs in RAW 264.7 mouse macrophage cells have the 
added advantage of considerably lower cytotoxicity.
In the human pathophysiology of TB infection, mycobacteria remain 
housed and grow within the macrophages. Therefore, it is of vital 
importance that a potential anti-tubercular agent is capable of exerting 
its effects within the milieu of macrophages. This is the first report 
on anti-tubercular activity of garlic extract or any compound isolated 
from garlic in macrophages infected with MTB. The results of the 
study demonstrate that garlic has the potential to be developed as an 
anti-tubercular agent that can be administered as an adjunct to the 
existing anti-tubercular therapy.
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