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Abstract. Allicin has been reported to inhibit cancer cell 
proliferation, induce cell apoptosis and enhance the accumu-
lation of reactive oxygen species. However, it has remained 
elusive whether allicin improves multidrug resistance in 
thyroid cancer cells through modulating autophagy. The 
present study demonstrated that combined use of allicin and 
cisplatin or carboplatin resulted in an enhanced growth inhibi-
tory effect on SW1736 and HTh‑7 cells. Furthermore, treatment 
with allicin significantly increased SW1736 and HTh‑7 cell 
autophagy. Of note, allicin‑induced cell death was largely 
abolished by 3‑methyladenine or chloroquine treatment, 
suggesting that allicin‑induced A549 cell death was dependent 
on autophagy. Western blot analysis demonstrated that allicin 
treatment inhibited the activation of Akt, mammalian target 
of rapamycin and S6. Furthermore, it was demonstrated that 
combined use of allicin and rapamycin induced more cell death 
compared with that induced by allicin or rapamycin alone. 
In conclusion, allicin may serve as an adjunctive therapy for 
thyroid cancer, as it induces autophagy‑dependent cell death 
even when cancer cells have developed apoptosis resistance.

Introduction

Follicular cell‑derived thyroid cancer is ranked as the most 
prevalent endocrine malignancy (1). The majority of deaths 
associated with thyroid cancer occur in patients with poorly 
differentiated and other aggressive forms of papillary thyroid 
carcinoma (PTC). In addition, rare anaplastic thyroid cancer 
(ATC) demonstrates a poor survival rate with mortality usually 
occurring within 6 months of diagnosis (2). Loss of uptake 
and trapping ability of radioactive iodine has been suggested 
to be a hallmark of these cancers, rendering them resistant 
to the best systemic therapy available for thyroid cancer. 
Furthermore, thyroid cancer frequently exhibits resistance to 

standard chemotherapy regiments (3). Therefore, it is of great 
importance to identify novel therapeutic methods to address 
and overcome the drug resistance of thyroid cancer.

In the progression of tumors, autophagy is regarded as 
a double‑edged sword. At the initial development phase, 
autophagy functions as a tumor suppressor mechanism (4,5). 
However, it prompts the malignant progression of tumors 
in hypoxic microenvironments  (6,7). When autophagy is 
initiated, cytosolic light chain (LC)3 (LC3‑I) loses a small 
polypeptide during enzymatic hydrolysis and is transformed 
into the membrane type of LC3, LC3‑II, thereby enhancing the 
formation of an autophagosome. Thus, the LC3I/LC3II ratio 
may be utilized to estimate the level of autophagy (8). Clinical 
studies have demonstrated that autophagy is enhanced after 
cancer therapy, and is therefore involved in the development of 
chemotherapy resistance (9,10). The modulation of the extent 
of autophagy may therefore provide a novel approach for the 
treatment of tumor cells.

Allicin is isolated from garlic and may also be extracted 
as a brownish orange dry resin from the Garcinia hanburyi 
tree occurring in South‑East Asia (11,12). In previous years, 
Asians have used allicin as a traditional medicine for the 
therapy of various diseases. Allicin has been reported to 
possess anti‑infectious, anti‑oxidant, anti‑inflammatory and 
anti‑viral effects (13). Allicin has also been evaluated as an 
anti‑tumor agent in vitro against malignancies including lung 
cancer, leukemia, colorectal cancer, prostate cancer and hepa-
tocellular carcinoma (14,15). It has been reported that allicin 
inhibited cancer cell proliferation, induced cell apoptosis and 
enhanced the accumulation of reactive oxygen species (16‑18). 
However, whether allicin improves multidrug resistance of 
thyroid cancer through modulating autophagy has remained 
elusive.

The present study explored the effects of combined use of 
allicin and cisplatin (CDPP) or carboplatin (CBP) on thyroid 
cancer cells. The results indicated that allicin activated 
autophagy and suppressed the viability of thyroid cancer cells, 
suggesting an anti‑tumor effect of allicin in thyroid cancer 
cells through modulating autophagy.

Materials and methods

Cell lines and culture. SW1736 (BRAFV600E/wt) and HTh‑7 
(NRASQ61R) cells (both American Type Culture Collection, 
Manassas, VA, USA) were cultured in Dulbecco's modified 
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Eagle's medium (DMEM)/F‑12 (Hyclone, Logan, UT, USA) 
supplemented with 10% heat‑inactivated fetal calf serum 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 
100 U/ml penicillin and streptomycin in 25‑cm2 culture flasks 
at 37˚C in a humidified atmosphere with 5% CO2. Prior to treat-
ment, the chemotherapeutic agent CDDP (cat. no. 15663‑27‑1; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) or CBP 
(cat. no.  41575‑94‑4; Sigma‑Aldrich; Merck KGaA) was 
dissolved in DMEM (Gibco; Thermo Fisher Scientific, Inc.) to 
prepare a stock solution (1 mM), which was added directly to 
the media at the indicated concentrations.

MTT colorimetric assay. To investigate the influence of 
allicin on cancer cell chemosensitivity, SW1736 and HTh‑7 
cells were seeded in 96‑well tissue culture plates at a density 
of 5x104 cells per well in DMEM medium. When the conflu-
ence reached 70% confluence, 10 µM CDPP or 10 µM CBP or 
10 µM allicin (cat. no. 539‑86‑6; Yuanmu (Shanghai, China), 
was added to each well and the cells were incubated at 37˚C 
for 48 h.

To explore whether enhanced SW1736 and HTh‑7 cell 
death was partially attributed to allicin (10 µM)‑induced cell 
autophagy, 3‑methyladenine (3‑MA; 5 mM) or chloroquine 
(CQ; 40 µM) an autophagolysosome fusion inhibitor, were 
administered to SW1736 and HTh‑7 cells for 24 h at 37˚C.

Cell viability was examined with MTT assay kits 
(Sigma‑Aldrich; Merck KGaA). The blue formazan prod-
ucts in the cells were dissolved in dimethylsulfoxide and 
spectrophotometrically measured at a wavelength of 550 nm. 
All experiments were performed in triplicate.

Transient transfection with green fluorescence protein 
(GFP)‑LC3. SW1736 and HTh‑7 cells were seeded in 6‑well 
plates at a density of 5x105 cells/well, followed by incubation 
for 24  h. Subsequently, a GFP‑LC3II expression plasmid 
(cat. no. 17‑10230; Merck KGaA, Darmstadt, Germany) was 
transfected into cells using Lipofectamine 2000® reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's protocol. To explore whether allicin exerts a synergistic 
effect on the cytotoxity of CDDP or CBP cells were simultane-
ously treated with CDDP or CBP in the presence or absence 
of allicin for 48 h. In preliminary studies performed by the 
authors, no differences were identified between pretreatment 
with allicin followed by platinum drug and simultaneous treat-
ment with allicin and the platinum drugs when Ad‑GFP‑LC3II 
plasmid was transfected into SW1736 and HTh‑7 cells (data not 
shown). Therefore, in the present study simultaneous treatment 
with allicin and the platinum drugs was performed. In brief, 
following 24 h the cells were treated with 10 µM allicin in the 
presence or absence of cisplatin (10 µM) or 10 µM carboplatin 
for 48 h at 37˚C. Subsequently, GFP‑LC3II‑positive autopha-
gosomes were counted under a confocal laser microscope 
(LSM700; Carl Zeiss, Jena, Germany). Cells without any 
treatment were used as the control, however they were also 
transfected with the GFP‑LC3II plasmid as described above.

Electron microscopy. Following 10 µM allicin treatment in the 
presence or absence of 5 mM 3‑MA for 48 h SW1736 and 
HTh‑7 cells were fixed with 2% glutaraldehydeparaformalde-
hyde in 0.1 M PBS (pH 7.4) for 12 h at 4˚C and then washed 

three times for 30 min in 0.1 M PBS. Subsequently, the samples 
were postfixed with 1% OsO4 dissolved in 0.1 M PBS for 2 h 
and dehydrated in an ascending gradual series of ethanol 
(50‑100%) and soaked with propylene oxide. Specimens were 
embedded using a Poly/Bed 812 kit (Polysciences, Warrington, 
PA, USA). After pure fresh resin embedding and polymeriza-
tion at 60˚C in an electron microscope oven (TD‑700; Dosaka, 
Kyoto, Japan) for 24 h, 350‑nm sections were cut with a Leica 
Ultracut UCT Ultra‑microtome (Leica Microsystems, Wetzlar, 
Germany), stained with toluidine blue for light microscopy. 
Furthermore, 70‑nm thin sections were double‑stained with 
7% uranyl acetate and lead citrate for contrast staining. All 
thin sections were observed under a transmission electron 
microscope (JEM‑1011; JEOL, Tokyo, Japan) at an accelera-
tion voltage of 80 kV.

Western blot analysis. SW1736 and HTh‑7 cells were 
treated with 10 µM allicin in the presence or absence with 
10 µM rapamycin for 48 h at 37˚C. Total protein samples 
were extracted from the cultured cells using an radioim-
munoprecipitation assay buffer (Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) according to the 
manufacturer's protocol. Immunoblotting was performed as 
previously described (8). The primary antibodies, including 
anti‑p62 (cat. no. 39749; 1:1,000; Cell Signaling Technology, 
Inc., Danvers, MA, USA), anti‑LC3I and II (cat. no. L8918, 
1:1,000) and anti‑β‑actin (cat. no.  A5441; 1:3,000) (both 
Sigma‑Aldrich; Merck KGaA). The secondary antibodies 
were horseradish peroxidase‑conjugated goat anti‑rabbit 
immunoglobulin G (ZF‑0311; 1:5,000; OriGene Technologies, 
Inc. Beijing, China).

Statistical analysis. Values are expressed as the mean ± stan-
dard error. Multiple group comparisons were made by one‑way 
analysis of variance followed by Tukey's post‑hoc test using 
GraphPad version 6.0 software (GraphPad Software, Inc., La 
Jolla, CA, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Allicin inhibits thyroid cancer cell growth in a synergistic 
manner with CDDP. First, the growth inhibitory effect of 
CDPP on SW1736 and HTh‑7 cells was assessed using an 
MTT assay after they had been exposed to allicin for 48 h. 
As presented in Fig. 1A and B, treatment with CDDP, carbo-
platin (CBP) or allicin alone significantly suppressed SW1736 
and HTh‑7 cell viability. To explore whether allicin exerts a 
synergistic effect on the cytotoxity of CDDP or CBP, cells 
were simultaneously treated with CDDP or CBP in the pres-
ence or absence of allicin for 48 h. These results indicated 
that combination use of allicin and CDDP or CBP resulted in 
an enhanced growth inhibitory effect on SW1736 and HTh‑7 
cells (Fig. 1A and B).

Allicin induces autophagy in SW1736 and HTh‑7 cells. The 
present study then explored the cytotoxic effects of allicin on 
SW1736 and HTh‑7 cells. First, the expression of autophagy 
markers, including LC3II and p62, was explored. Pre‑incubation 
with allicin significantly increased the level of LC3II, while 
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the expression of p62 was significantly suppressed in SW1736 
cells compared with the control (Fig.  2A). A significant 
reduction in p62 was also observed in the HTh‑7 cells (Fig. 2A). 
In addition, treatment with 3‑MA, a specific autophagy 
inhibitor, markedly abolished allicin‑induced SW1736‑ and 
HTh‑7‑cell autophagy (Fig.  2A). Transmission electron 
microscopy also demonstrated enhanced autophagy vesicles 
in SW1736 and HTh‑7 cells treated with allicin (Fig. 2B). In 
addition, transfection with GFP‑LC3 was employed to detect 
autophagy. As presented in Fig. 2C, treatment with allicin 
significantly enhanced the autophagosomes in SW1736 and 
HTh‑7 cells. This effect was suppressed by addition of 3‑MA, 
indicating allicin‑induced autophagy through LC3 accumula-
tion.

Allicin‑induced SW1736 and HTh‑7 cell death is associated 
with severe autophagy. To explore whether enhanced SW1736 
and HTh‑7 cell death was partially attributed to allicin 
(10 µM)‑induced cell autophagy, 3‑MA (5 mM) or chloro-
quine (CQ, 40 µM), an autophagolysosome fusion inhibitor, 
were applied (Fig. 3). Allicin‑induced cell death was largely 
abolished by 3‑MA in a dose‑dependent manner in SW1736 
and HTh‑7 cells Fig. 3A and C. Suppression of autophagy by 
CQ also largely repressed the allicin‑induced death of SW1736 
and HTh‑7 cells (Fig. 3B and D). These results demonstrated 
that allicin‑induced SW1736 and HTh‑7 cell death was depen-
dent on autophagy.

Allicin suppresses Akt/mammalian target of rapamycin 
(mTOR) signaling in SW1736 and HTh‑7 cells. Previous 
studies have indicated that the Akt/mTOR signaling pathway 
has a key role in the process of autophagy (19). Thus, the 
present study evaluated the activation of Akt/mTOR signaling 
after allicin treatment. Western blot analysis demonstrated that 
allicin treatment significantly reduced the phosphorylation 
level of Akt, mTOR and S6, indicating the inactivation of the 
Akt/mTOR signaling pathway by allicin treatment in SW1736 
and HTh‑7 cells (Fig. 4A). Subsequently the potential syner-
gistic effect of allicin and rapamycin on SW1736 and HTh‑7 cell 

autophagy was explored. As presented in Fig. 4B, combination 
treatment with allicin and rapamycin significantly enhanced 
the LC3II/LC3I ratio in SW1736 and HTh‑7 cells compared 
with that in the groups treated with allicin or rapamycin alone. 
The synergistic effect of allicin and rapamycin on SW1736 and 
HTh‑7 cell death was also explored. Of note, combined use of 
allicin and rapamycin induced significantly more cell death 
compared with that induced by allicin or rapamycin alone 
(Fig. 4C).

Discussion

The incidence of thyroid cancer is continuing to increase 
worldwide (20). Compared with males, females of various 
ethnicities demonstrate a higher incidence of thyroid 
cancer (21,22). At present, platinum‑based drugs are widely 
applied for the treatment of thyroid cancer patients in the 
clinic. Unfortunately, it is common for these patients to develop 
drug resistance  (23,24). Most thyroid cancer patients who 
develop incurable metastasis are candidates for neoadjuvant 
or palliative chemotherapy (20,25). However, two thirds of 
these patients still benefit from conventional chemotherapy. 
Studies have indicated that conventional chemotherapy 
did not achieve apoptosis‑dependent cell death in these 
thyroid cancer patients (26,27). In this regard, resistance to 
platinum‑based drugs among these patients mainly arises 
from deficiency of apoptotic pathways in their thyroid cancer 
cells (26,27). Thus, it is important to explore novel drugs with 
the ability to enhance thyroid cell death, such as autophagy 
inducers.

In addition to apoptosis‑dependent cancer cell death, 
autophagic cell death has been greatly valued as a novel 
mechanism for cancer cell death induced by chemothera-
peutics (6,7,9). Certain studies suggest that the pro‑survival 
functions of autophagy decrease the efficacy of cancer thera-
peutics  (20,25). However, other studies have demonstrated 
that autophagy also induced cancer cell death after various 
treatments (9,28‑30). Thus, activation of autophagic cell death 
is becoming an important strategy for cancer treatment.

Figure 1. Allicin inhibits thyroid cancer cell growth and exerts a synergistic effect with CDDP or CBP. An MTT assay demonstrated that combined use of 
allicin and CDDP or CBP resulted in an enhanced growth inhibitory effect on (A) SW1736 and (B) HTh‑7 cells. *P<0.05, **P<0.01 vs. control or as indicated. 
CDPP, cisplatin; CBP, carboplatin; NC, negative control.
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The present study explored the efficacy of allicin in the 
treatment of thyroid cancer. Compared with CDDP or CBP, 
the inhibitory effects of allicin on cell viability were lower. 

However, combined use of allicin and CDDP resulted in an 
enhanced growth inhibitory effect on SW1736 and HTh‑7 
cells, suggesting that allicin may serve as an adjunctive 

Figure 2. Allicin induces autophagy in SW1736 and HTh‑7 cells. (A) Western blot analysis. (B) Transmission electron microscopy detection (scale bar, 1 µm). 
Red arrows indicate autophagsomes. (C) Green fluorescence protein‑LC3 transfection (scale bar applies to all images, 10 µm). *P<0.05, **P<0.01 vs. control or 
as indicated. DMSO, dimethylsulfoxide; 3‑MA, 3‑methyladenine; LC3, light chain 3.
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Figure 3. Allicin‑induced SW1736 and HTh‑7 cell death is associated with severe autophagy. Allicin‑induced death of SW1736 cells was largely abolished by 
(A) 3‑MA and (B) CQ. In HTh‑7 cells, (C) 3‑MA and (D) CQ inhibited allicin‑induced cell death to a similar extent. *P<0.05 vs. control or as indicated. DMSO, 
dimethylsulfoxide; 3‑MA, 3‑methyladenine; CQ, chloroquine; OD, optical density.

Figure 4. Allicin‑induced SW1736 and HTh‑7 cell autophagy is mainly achieved by suppression Akt/mTOR signaling. (A) Western blot analysis of associated 
proteins. (B) Combination treatment with allicin and rapamycin significantly enhanced the LC3II/LC3I ratio in SW1736 and HTh‑7 cells compared with allicin 
or rapamycin alone. (C) Combined use of allicin and rapamycin induced more cell death compared with that of allicin or rapamycin alone. *P<0.05, **P<0.01, 
***P<0.001 vs. control or as indicated. p‑mTOR, phosphorylated mammalian target of Rap; DMSO, dimethylsulfoxide; LC3, light chain 3; Rap, rapamycin; 
OD, optical density.
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therapy for thyroid cancer treatment. Previous studies have 
indicated that various drugs may enhance autophagy in thyroid 
cancer  (31,32). Vemurafenib has been revealed to induce 
endoplasmic reticulum stress response‑mediated autophagy 
in thyroid cancer (31). The BH3 mimetic drug GX15‑070 has 
been demonstrated to induce non‑classical cell death with 
signs of apoptosis and autophagy in dedifferentiated thyroid 
carcinoma cells (32). The effect of allicin on SW1736 and 
HTh‑7 cell autophagy was examined in the present study. The 
level of autophagy in SW1736 and HTh‑7 cells was observed 
to be significantly increased in the presence of allicin. Of note, 
allicin‑induced cell death was largely abolished by treatment 
with the autophagy inhibitors 3‑MA or CQ, suggesting 
that allicin‑induced SW1736 cell death was dependent on 
autophagy.

Since the Akt/mTOR signaling pathway has been reported 
to activate the process of autophagy (33,34), the activation of 
Akt/mTOR signaling was evaluated after allicin treatment. Of 
note, allicin treatment decreased the activation of Akt, mTOR 
and S6. Furthermore, combined use of allicin and rapamycin 
induced more cell death compared with that induced by allicin 
or rapamycin alone. These results suggested that allicin trig-
gered autophagy‑dependent cell death through suppressing the 
Akt/mTOR signaling pathway.

In conclusion, the present study revealed that allicin may 
serve as an adjunctive therapy for thyroid cancer patients 
through inducing autophagy‑dependent cell death even when 
apoptosis resistance is developed in cancer cells.
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