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Background:Allicin has receivedmuch attention due to its anti-proliferative activity and not-well elucidated
underlying mechanism of action. This work focuses towards determining the cellular toxicity of allicin and
understanding its interaction with nucleic acid at molecular level.
Methods:MTTassaywas used to assess the cell viability of A549 lung cancer cells against allicin. Fourier transform
infrared (FTIR) and UV-visible spectroscopy were used to study the binding parameters of nucleic acid-allicin
interaction.
Results: Allicin inhibits the proliferation of cancer cells in a concentration dependent manner. FTIR spectroscopy
exhibited that allicin binds preferentially to minor groove of DNA via thymine base. Analysis of tRNA allicin com-
plex has also revealed that allicin binds primarily through nitrogenous bases. Some amount of external binding
with phosphate backbone was also observed for both DNA and RNA. UV visible spectra of both DNA allicin and
RNA allicin complexes showed hypochromic shift with an estimated binding constant of 1.2 × 104 M-1 for DNA

and 1.06 × 103 M−1for RNA binding. Nomajor transition from the B-form of DNA andA-form of RNA is observed
after their interaction with allicin.
Conclusions: The results demonstrated that allicin treatment inhibited the proliferation of A549 cells in a dose-
dependent manner. Biophysical outcomes are suggestive of base binding and helix contraction of nucleic acid
structure upon binding with allicin.
General significance: The results describe cytotoxic potential of allicin and its binding properties with cellular
nucleic acid, which could be helpful in deciphering the complete mechanism of cell death exerted by allicin.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Allicin, diallylthiosulfinate, is an organosulfur compound known for
its effective medicinal properties [1] (Fig. 1). It is regarded as a principle
biological active component of garlic. Allicin was isolated in the middle
of 20th century and was first recognized for its antibacterial proper-
ties [2]. Discovery of allicin is regarded as a leap forward in deciphering
the health benefits associated with garlic. So far much research has
been conducted on this medicinal compound and it is known for its
antibacterial, anti-inflammatory and anti-oxidant properties along with
cardiovascular benefits [3–5]. Since last few decades several studies
have also linked allicin to tumor inhibition. Scientific investigations
have demonstrated that allicin is capable of arresting rapidly dividing
cells and can elicit their death. It has been reported to induce cell death
by triggering apoptosis through mitochondrial pathway in HL60 and
U937 cells [6]. Allicin was found to induce apoptosis in human cervical
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cancer SiHa cells and mouse fibroblast-like L-929 cells, through the
appearance of characteristic apoptotic bodies, DNA fragmentation, and
activation of caspases [7]. Growth of human epithelial carcinoma cell
lines was also inhibited by allicin through a caspase-independent path-
way, mediated by protein kinase A (PKA) activation and release of flavo-
protein, AIF (apoptotic-inducing factor) from mitochondria [8]. Many
other studies also attribute the cell death in various cancer cell lines
and inhibition of induced tumor in animals to the anticancer action of
allicin. However, the underlying mechanism of cell death caused by alli-
cin has not been precisely and completely interpreted.

Several lines of evidence have indicated that allicin and its related
compounds exert significant effect on cellular nucleic acid as a part of
their anti-cancer mechanism. It is known to induce DNA fragmentation
in various cell lines. S. Oommen et al. have shown the decrease in the
rate of DNA synthesis as a function of increased concentration of allicin
[7]. Several DADS (di allyl disulfide) analogues have been recognized to
bind DNA [9]. It has also been realized that allicin reacts with RNA poly-
merase [10] and induces suppression of certain mRNA levels in human
monocytes [11]. On the basis of these observations we have assessed
the activity of allicin against A549 human non-small cell lung adenocar-
cinoma cell line and investigated the possibility of allicin interaction
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Fig. 1. Chemical structure of allicin.
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with DNA and RNA by using FTIR difference spectroscopy and UV-vis
absorption spectroscopy. FTIR spectroscopy has solved various prob-
lems related to biological macromolecular complexes [12–14]. It has
emerged as an efficient tool in characterizing the nature of various bio-
molecules and their complexes, particularly for their structural informa-
tion [15]. Precisely, it has shown tremendous potential in deciphering
the binding parameters of various DNA-ligand and RNA-ligand com-
plexes [16–19]. Hence in this study we have used the potential of FTIR
and UV-vis spectroscopy to analyze various binding parameters of alli-
cin DNA and allicin RNA complexes.

2. Materials and methods

2.1. Materials

Calf thymus DNA (Type I, sodium content 6%) and tRNA fromBaker’s
yeast were purchased from Sigma-Aldrich chemicals (USA). Allicin was
procured from Allicin International Ltd. Purity of DNA and RNA were
estimated by recording the UV absorbance at 260 and 280 nm and cal-
culating ratio, A260/A280. The ratio was found to be more than 1.9, indi-
cating that the DNA and RNA are free from protein [20]. Deionized
water from the Millipore water purification system was used in the
preparation of desired aqueous solutions. Other chemicals and reagents
used in the study were of analytical grade and used as supplied.

2.2. Preparation of stock solutions

Solution of DNA and RNA sodium salt was prepared in 10 mM Tris-
HCl buffer (pH 7.4) and kept at 8 °C for 24 h. The solutionwas stirred at
frequent intervals to ensure its homogeneity. Concentration of DNA and
RNA stock solutions was measured spectrophotometrically using exci-
tation coefficient of 6600 cm-1 M-1 and 9250 cm-1 M-1 respectively
[21]. The final concentration of DNA and RNA stock solutions was
25 mM. For FTIR studies allicin–DNA and allicin–RNA complex solu-
tions were prepared, so as to attain the allicin/DNA and allicin/RNA
molar ratios (r) of 1/150, 1/80 and 1/20 with varying concentration
of allicin and constant concentration of DNA and RNA. UV visible
studies were carried out using allicin concentrations ranging from
0.025 mM to 0.5 mM and DNA and RNA concentration of 2.5 mM.

2.3. Cell culture and cell viability

The human non-small cell lung adenocarcinoma cell line A549 was
used in the study. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, USA) supplemented with 10% fetal bovine
serum (Himedia, India) and 10 μg/ml ciprofloxacin (Sigma, USA). Cells
were incubated at 37 °C in 5% CO2 atmosphere.

Cell viability was measured using the MTT assay. A549 cells were
plated at a density of 5 × 103 cells per well in 96 well plates. After
overnight culture, cells were treated with different concentrations
of allicin (1, 10, 20, 40, 60, 80, 100, 120, 150 μg/ml) and incubated
in cell culture conditions for 72 h at 37 °C. Then, medium in each
well was discarded and 100 μl media containing 200 μg/ml MTT
was added in each well and the plates were incubated at 37 °C for
4 h. The medium containing MTT was discarded and 200 μl DMSO
was added to dissolve the insoluble purple formazan product to col-
ored solution. Absorbance was recorded at 570 nm. Allicin mediated
cell death was assessed by comparing the viability of treated cells
with that of untreated control cells using the following formula.

Cell Viability %¼ Absorbance of a well with cells½ �− Mean absorbance of media blank well½ �
Mean absorbance in control wells−media blank well½ �

�100

The experiments were performed in three biological replicates.

2.4. FTIR spectral measurements

FTIR spectra were recorded with Varian 660-IR spectrophotometer,
equipped with DTGS (deuterated triglycine sulphate) detector and KBr
beam splitter. All spectra were recorded in 10 milli molar Tris-HCl buff-
er as a solvent (pH of 7.4). Liquid samples were analyzed in attenuated
total reflectance mode with ZnSe crystal. Ambient humidity of 45% RH
was maintained during the experiment. A total of 256 scans were
recorded for each sample in the spectral range of 4000-650 cm-1 with
a resolution of 4 cm-1. Background spectra were collected before
each measurement. A spectrum of buffer solution was recorded
and subtracted from the spectra of DNA, RNA and allicin DNA and
allicin RNA complexes. A satisfactory buffer subtraction was con-
sidered to be achieved when the intensity of water combination
band at about 2200 cm-1 became zero in all the spectra recorded
[22]. FTIR difference spectra were produced by subtracting the
spectrum of free DNA from the spectrum of allicin DNA complex
((DNA solution + allicin solution) – (DNA solution)).

2.5. UV–visible spectral measurements

The UV–visible spectra were recorded on Perkin Elmer spectropho-
tometer, Lambda 35. Quartz cuvettes of 1 cm path length were used
for measurement. Spectra were recorded for free DNA, RNA and for var-
ious allicin–DNA and allicin–RNA complex solutions. For the calculation
of the binding constant of the reaction occurring between allicin and
DNA and allicin and RNA the method described by Kanakis et al. [23]
is used. It is presumed that after the interaction between ligand [L],
which is allicin and substrate [S] which is DNA and/or RNA in aqueous
solution, the complex [SL] forms [24].

It is also assumed that the substrate and the ligand follow beer’s law
for the absorbance of light. The absorbance of substrate solution at its
total concentration with a path length [l] of 1 cm is

Ao ¼ εslSt ð1Þ

εs is the molar absorptivity of DNA.
The absorbance of solution consisting of total concentration of

substrate along with total concentration of ligand is

AL ¼ εSl S½ � þ εLl L½ � þ εSLl SL½ �: ð2Þ

[S] is the concentration of uncomplexed substrate.
[L] is the concentration of uncomplexed ligand.
[SL] is the concentration of substrate-ligand complex.
εL is the molar absorptivity of ligand.
After combining with the mass balance of substrate and ligand, the

absorbance equation can be written as

AL ¼ εSlSt þ εLlLt þ ΔεSLl SL½ � ð3Þ

ΔεSL ¼ εSL−εS−εL:

The absorbance of solution measured against the total concentratin
of ligand as reference is

A ¼ εSlSt þ ΔεSl SL½ � ð4Þ
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The stability constant for the formation of complex [SL] can be
given as

KSL ¼ SL½ �= S½ � L½ � ð5Þ

Combining Eqs. (4) and (5)

ΔA ¼ KSLΔεSLl S½ � L½ � ð6Þ

ΔA ¼ A0−A

From the mass balance equation St = [S] + [SL] we get [S] =
St/[1 + KSL[L]], which gives Eq. (7)

ΔA
l

¼ StKSLεSL L½ �
1þ KSL L½ �

ð7Þ

This shows the hyperbolic dependence of binding on free ligand
concentration. Linear transformation of Eq. (6) is done by taking the
reciprocal of each side of Eq. (7).

l
ΔA

¼ 1
StKSLΔεSL L½ �

þ 1
StΔεSL

ð8Þ

The double reciprocal plot of 1/ΔA versus 1/[L] is linear and the
binding constant [K] can be estimated by calculating the ratio of
the intercept to the slope.

3. Results and Discussion

3.1. Effect of allicin on growth of A549 cells

Cytotoxic potential of allicin is tested against A549 lung cancer cell
lines using MTT assay. Cell viability assessed after 72 h of treatment
shows that allicin inhibits the growth of A549 cells in a concentration
dependent manner. For each dose six replicates were taken and the
experiment was repeated three times with similar results. Fig. 2 repre-
sents the allicin dose-response survival curve of A549 cells. The low
dose of allicin, 1.0 μg/ml showed approximately 15% cytotoxicity after
72 h of treatment. The concentration of allicin, which resulted in 50%
cell populationmortality, is ~30 μg/ml.While the highest concentration
of allicin leads to ~85% cell death in three biological replicates.

3.2. Allicin–DNA complex

3.2.1. FTIR measurements and analysis
Infrared marker bands in the region 1800 cm−1–700 cm−1 provide

information about the various portion of double helical DNA structure.
Careful observation of the changes occurring in these marker bands
Fig. 2.Dose response cell survival curve of A549 cells against allicin. Each point represents
the data of three biological replicates, containing hexaplate samples. The error bars indi-
cate standard deviations.
gives important information about the base pairing, stacking, helix con-
formation and sugar orientation in the DNA structure. In the present
experiment guanine band occurs at 1715 cm−1, which is attributed to
its C6―O6 ring vibrations (Fig. 3). The position at 1656 cm−1 is attrib-
uted to C O vibrations of thymine, present in the minor groove of DNA,
while the frequency position at 1609 cm−1 is assigned to adenine
bases. Cytosine infrared vibrations occur at 1493 cm−1. Asymmetric
and symmetric phosphate vibrations occur at 1221 and 1084 cm−1.
At the band position of 837 cm−1, the marker band of B-DNA due to
deoxyribose stretching has been marked. These are the remarkable
infrared bands, representative of DNA double helix, which are ob-
served during allicin–DNA interaction at different ratios.

Evidence of allicin–DNAcomplex formation derives from the shifting
of the infrared band at 1656 cm−1 to higher wavenumber 1660 cm−1

along with its splitting into two bands (Fig. 3). Shifting and splitting of
the peak assigned to thymine indicates towards allicin binding to the
thymine oxygen present in the minor groove of DNA helix. Along with
the changes observed at 1656 cm−1, a new band centered around
1689 cm−1 is observed in allicin–DNA complexes (Fig. 4a). Observation
of infrared spectrum of free allicin (Supplementary Fig. 1) confirms that
this new band does not belong to allicin and is thus attributed to allicin–
DNAcomplex. This band is assigned to thymidine carbonyl group located
in the minor groove of DNA and illustrates intensity increment upon in-
teraction with ligand [25,26]. The position of this band is further clear in
second derivative spectra of DNA and allicin–DNA complexes (Fig. 4b).
Second derivatives are specifically useful for accurate determination of
band positions of biomolecules in free and complex forms as well as for
resolving overlapping bands. We have also generated second derivate
spectra in the region 1800 cm−1–700 cm−1 for position confirmation
of infrared bands of allicin–DNA complex (Supplementary Fig. 2),
which intrinsically illustrates the shifting and intensity variation of
major infrared bands of DNA.

Furthermore, significant shift is observed for guanine band from
1715 to 1711 cm−1. Shift and intensity variation in guanine band may
be due to indirect effect of allicin interaction with thymine group in
minor groove. It should be noted that any ligand interaction in DNA
groove (minor or major) might result in change in the ratio of minor/
major groove width and hence, change in frequency of groove sensitive
infrared bands. Asymmetric phosphate band exhibit a shift of 3 cm−1

from 1221 cm−1 to 1224 cm−1 at r = 1/20molar ratio, while the sym-
metric phosphate vibration at 1084 cm−1 shifts to 1086 cm−1 along
with an appreciable intensity variation. Intensity changes of the infrared
bands are estimated from the positive and negative features appearing
in the difference spectra of allicin–DNA complexes (Fig. 5). Along with
changes inwavenumber position, variation in band intensity as aneffect
of allicin binding on three cardinal IR bands, representative of reactive
sites located in the minor groove (thymine 1656 cm−1), major groove
(guanine 1715 cm−1) and on the backbone of DNA (asymmetric PO2,
1221 cm−1) has also been calculated in terms of percentage (Fig. 6).
Taking all these points together, major effect of allicin is found on thy-
mine after its complex formation with DNA. These results indicate to-
wards the minor groove binding of allicin with some amount of
external interaction with negatively charged phosphate backbone. The
observations are supported by the fact that small flat and crescent
shape molecules prefer minor groove binding [27] and allicin is a flat
molecule with a curvature in its structure. Infrared bands that are
assigned to adenine and cytosine at 1609 and 1493 cm−1 exhibit negli-
gible changes and suggest no major interaction of allicin at these sites.

3.2.2. UV–visible absorption measurements and analysis
In the UV–visible characterization of DNA–drug binding the band at

260 nm arises due to π–π* transition of DNA nitrogenous bases. Varia-
tion in absorbance andwavelength shift of this band reflect the structur-
al changes occurring in DNA upon drug complexation. In the present
situation there occurs an initial gradual decrease in DNA absorption
band (hypochromic effect) at 260 nmwhen low concentration of allicin

image of Fig.�2


Fig. 3. FTIR spectra in the region of 1800–700 cm−1 for free DNA and allicin–DNA complexes.
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is complexedwithDNA (Fig. 7).While at high concentration of allicin an
increase in the absorption of 260 nm peak is observed with slight
change in absorption maxima. The spectral deviations observed reflect
the changes occurring in the structure of DNA with increasing concen-
tration of allicin. Initial hypochromic effect suggests contraction of
Fig. 4. (a) Overlaid FTIR spectra in the region 1800–1500 cm−1. (b) Overlaid FTIR second
derivative spectra, in the region 1800–1500 cm−1.
DNAhelix due to binding of allicinwith DNA bases and phosphate back-
bone. The reactive cationic group of allicin [28] might have electrostat-
ically interacted with negatively charged phosphate group of DNA
backbone resulting in the helix contraction which is evident from de-
crease in its UV absorption band. Hyperchromism at increased allicin
concentrationmay have occurred due to dimerization or some other ef-
fect causing some degree of helix intercalation. Similar results are also
observed in case of diorganotin [29] and polymeric Schiff's base binding
with DNA [30]. The stability of the allicin–DNA complex is assessed by
calculating the binding constant of the reaction between allicin and
DNA using themethod described in experimental section. The observed
binding constant in the concentration range of 0.025 mM to 0.5 mM of
allicin is K = 1.2 × 104 M−1 (Fig. 7). The order of the binding constant
is suggestive of moderate binding of allicin with DNA.

3.3. Allicin–RNA complex

3.3.1. FTIR measurements and analysis
The infrared spectrum of tRNA appears similar to double stranded

DNA in A-form. Fig. 8 represents the frequencies of important units of
tRNA. Infrared vibrations appearing between 1700 and1500cm−1 were
assigned to the in-plane vibration of RNA bases. The strong infrared
band at 1700 cm−1 is assigned to the C O and C N stretching vibrations
of guanine residues. The other strong band at 1650 cm−1 is primarily
assigned to the C O stretching vibrations of uracil. Band appearing at
the position 1602 cm−1 is allocated to the adenine residues. Other infra-
red bands associated to RNA vibrations in the region between 1500 and
1250 cm−1 are assigned to the in-plane ring vibrations of the bases and
contain some marker of A-form RNA. A prominent absorption band is
located at 1489 cm−1, which is attributed to cytosine in-plane ring
vibrations.

Conspicuous bands in the region 1250–1080 cm−1 of the tRNA spec-
trum correspond to backbone phosphate group vibrational frequencies.
Strong absorption bands located at 1237 and 1086 cm−1 are
assigned mainly to the asymmetric and symmetric stretching vi-
brations of the PO2 groups, respectively. The spectral region of

image of Fig.�3
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Fig. 5. Difference spectra {(DNA solution + allicin solution) − DNA solution)} of allicin–DNA complexes in the region of 1800–700 cm−1.
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1080–800 cm−1comprises of various infrared marker bands of tRNA in
A-conformation, attributed to phosphodiester chain conjoined with ri-
bose sugar vibrational modes. The infrared spectral features of tRNA–
allicin complexes are shown in Fig. 8. Major shifting of the infrared ab-
sorption bands of pure tRNA is observed in the base region upon allicin
complexation. The band at 1700 cm−1which is ascribed to guanine
vibrations underwent shifting to higher wavenumber along with in-
crease in its intensity after its binding with tRNA. The other significant
shift is observed for the band of uracil (C O) located at 1650 cm−1. A
noteworthy increase in the relative intensity of IR absorption band is
also observed for this band (Fig. 9). Adenine band at 1602 cm−1

exhibited a higherwavenumber shiftwhen high concentration of allicin
is complexed with tRNA. Cytosine band at 1489 cm−1 did not demon-
strate any profound change in its frequency position after the formation
of tRNA–allicin complex, although some intensity variation is observed
for this band. In the phosphate region only at high allicin concentration
an appreciable shift of 3 cm−1 is observed from 1237 to 1240 cm−1

while the other band at1086cm−1 did not show any wavenumber
Fig. 6. Percentage effect of allicin on minor groove (mainly thymine (T), 1656 cm−1),
major groove (mainly guanine (G), 1715 cm−1) and sugar phosphate backbone (PO2)
(1221 cm−1) of DNA as a function of allicin concentration.
shift. However some intensity change is observed for these bands
in the difference spectra. Second derivative spectra have also been
generated for allicin–RNA complex for position determination of in-
frared bands (Supplementary Fig. 3).

3.3.2. UV–visible absorption measurements and analysis
UV–visible absorption of tRNA in the presence of varying concentra-

tion of allicin is shown in Fig. 10. Spectral variations were measured by
following changes in the absorption at 260 nm which is characteristic
of tRNA. When the molar ratio of tRNA/allicin is low the electronic
Fig. 7. UV–visible spectra of free DNA and DNA–allicin complexes at 260 nm. Plot of 1/
(A0 − A) versus 1/C for DNA and its drug complexes, where A0 is the initial absorption
of DNA and A is the recorded absorption at different drug concentrations.
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Fig. 8. FTIR spectra in the region of 1800–700 cm−1 for free tRNA and allicin–tRNA complexes.
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absorption intensity of tRNA began to decrease leading to the hypochro-
mic effect. But when the ratio is relatively high the absorption began to
increase. The UV–visible spectral changes are consistent with the FTIR
results. According to our observation at low concentration the reactive
electrophilic groups of allicin react with tRNA base and negatively
charged phosphate backbone. Further interaction at high allicin concen-
tration might have led to some intercalation in to the tRNA duplex,
Fig. 9. Difference spectra {(tRNA solution + allicin solution) − tRNA so
which is credited to the hyperchromic effect. The intrinsic binding con-
stant calculated for the estimation of tRNA–allicin complex stability is
found to be K = 1.06 × 103M-1.

The order of the binding constant is indicative of weak to moderate
binding of allicin with tRNA. Together the results of FTIR and absorption
spectroscopy suggest allicin binding primarily to the nitrogenous bases
of tRNA.
lution} of allicin–DNA complexes in the region of 1800–700 cm−1.
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Fig. 10. UV–visible spectra of free tRNA and tRNA–allicin complexes at 260 nm. Plot of 1/
(A0 − A) versus 1/C for tRNA and its drug complexes, where A0 is the initial absorption of
tRNA and A is the recorded absorption at different drug concentrations.
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4. Conclusion

The results demonstrated that allicin treatment inhibited the pro-
liferation of A549, non- small lung cancer cell in a dose-dependent
manner. Further study showed that allicin binds DNA via thymine re-
active sites located in the minor groove of DNA double helix. In case
of allicin binding with tRNA, its major effect was seen on uracil and
guanine nitrogenous bases. Some degree of external binding with
phosphate backbone has also been observed in both DNA–allicin
and tRNA–allicin complex formation. Absorption spectroscopy
resulted in hypochromism after allicin complexation to both DNA
and RNA. This is suggestive of base binding and helix contraction of
nucleic acid structure upon binding with allicin. In view of the anti-
cancer effect of allicin, these results might contribute in deciphering
the underlying mechanism of allicin in the exertion of its anti-cancer
effect.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.09.007.
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