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Abstract
Background: Cancer cells addiction to glutamine, an essential non-essential amino acid, has stirred up the 
interest in researchers across the globe. Increased glutamine metabolism (glutaminolysis) is a hallmark of 
cancer. Targeting glutaminolysis via glutaminase inhibition emerges as a promising strategy to disrupt cancer 
metabolism and tumor progression. Diallyl disulfide (DADS), a major organosulfur compound derived from 
garlic, is known for its anticancer properties. The mechanisms of action of DADS include activation of metabolic 
enzymes that detoxify carcinogens, suppression of the formation of DNA adducts, antioxidant effects, regulation 
of cell-cycle progression, induction of apoptosis, and inhibition of angiogenesis and metastasis.
Aim: to assess the effect of diallyl disulfide on liver glutaminase activity in experimentally induced hepatoma in mice.
Materials & Methods: Swiss albino male mice were divided into four groups - normal, control, preventive and 
curative groups. Hepatoma was induced by intraperitoneal injection of Ehrlich ascites carcinoma (EAC) cells. 
DADS (100 mg/kg body weight/mouse/day) was orally fed to protective and curative group mice for a stipulated 
time period. Mice of all the groups were sacrificed, and liver tissue glutaminase activity were measured.
Results: The present study shows a significant decrease in glutaminase activity in protective (p >0.001) and 
curative groups (p >0.001) as compared to control group.
Conclusion: DADS at the dosage employed shows inhibitory effects on liver glutaminase activity which may be 
attributed to anti-inflammatory properties of DADS, specifically in suppression of NF-kB signalling pathway. 
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Introduction
The process of tumorogenesis is often associated 
with altered metabolism of two major nutrients, 
glucose and glutamine[1]. Glucose is considered to be 
the most important source of energy in proliferating 
and transformed cells as these cells perform 
elevated glycolytic activity i.e., “Warburg effect”[2]. 
Equally important is glutamine, an essential non-
essential amino acid that provides a stable nitrogen 
and carbon pool for protein, nucleotide, and lipid 
biosynthesis[3]. Glutaminase is the key enzyme 
of glutamine metabolism. Increased glutamine 
metabolism (glutaminolysis) is a hallmark of cancer. 
Glutaminolysis is the major mechanism for TCA 
anapleurosis to replenish TCA intermediates diverted 

for nucleotide synthesis for generating cellular 
energy[4]. Targeting glutaminolysis via glutaminase 
inhibition emerges as a promising strategy to disrupt 
cancer metabolism and tumor progression[4,5]. Diallyl 
disulfide (DADS), a major organosulfur compound 
derived from garlic, is known for its anticancer 
properties[6]. The mechanisms of action of DADS 
include activation of metabolic enzymes that detoxify 
carcinogens, suppression of the formation of DNA 
adducts, antioxidant effects, regulation of cell-cycle 
progression, induction of apoptosis, and inhibition 
of angiogenesis and metastasis[7]. The present study 
is undertaken to assess the effect of DADS on liver 
glutaminase activity in Ehrlich ascites carcinoma 
(EAC)-induced hepatoma in mice.
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Materials & Methods:
Experimental animals:
Twenty-four Swiss albino male mice weighing 25-30 g 
were randomly selected from the Institutional animal 
house and employed in the present study. Mice were 
kept in plastic well aerated cages and were served 
standard animal feed and water ad libitum. DADS was 
procured from Sigma-Aldrich Pvt. Ltd. USA. All other 
chemicals that we have used in the present study 
were of A.R. grade. Ethical clearance was obtained 
from Institutional Animal Ethical Committee. The 
experiments were conducted as per the norms of 
CPCSEA, New Delhi.

Invivo- cell line maintenance and induction of 
hepatoma:
The EAC tumor-bearing Swiss albino mice were 
kindly provided by the Amala Cancer Research 
Institute, Thrissur, Kerala. EAC cells were thereafter 
propagated by weekly intraperitoneal injection of 
freshly drawn ascitic fluid (0.5 ml) from a donor 
mouse bearing ascites tumor of 8-10 days old into 
healthy Swiss albino male mice at our Institutional 
animal house. Transplantation was carried out using 
sterile disposable syringes under aseptic conditions. 
Liver histology showed areas of fibrotic and necrotic 
changes with hyperchromatism in EAC-bearing mice.

Animal study groups and experimental design:
The mice were divided into 4 groups - normal group 
(Group-I), control group [EAC induced hepatoma 
bearing mice] (Group-II), protective group [DADS 
treated-EAC induced hepatoma bearing mice] (Group-
III) and curative group [EAC induced hepatoma 
bearing- DADS treated mice] (Group-IV).
The details of animal groups and experimental 
design; animal maintenance, DADS (100 mg/kg 
body weight) dosage, animal sacrifice and liver 
extractions and processing, are as explained in our 
earlier study[8]. The liver tissue processing for the 
estimation of glutaminase activity[9] is as follows. To 
0.3 g liver tissue, 4.7 ml of cold phosphate buffer (pH 
7.4) was added and thoroughly homogenized for 5 
minutes and centrifuged at 3000 rpm for 5 minutes. 
The supernatant was employed for the enzyme assay. 
Data analysis was done using SPSS software version 
24 (IBM, Armonk, NY, USA) and Student ‘t’ test was 
employed for statistical analysis. The ‘p’ value < 0.05 
was considered significant.

Results:
It is evident from table-1 and chart-1 that glutaminase 
activity in liver tissue are significantly raised (p<0.001) 
in group-II as compared to group-I, whereas the same 
parameters are significantly lowered (p<0.001) in 

group-III and group-IV as compared to group-II.

Table-1 showing the liver tissue glutaminase 
activity in group-I, group-II, group-III and group-IV 
mice.

P m erara et

Groups
G uta nal mi se activity

(units)

Group-I : No al grouprm (6) 18.37± 1.17

Group-II : Control group (6) 31.12*** ± 1.52

Group-III : Pro c g oupte tive r (6) 22.11*** ± 0.95

Group-IV : Cura grtive oup (6) 24.82*** ± 1.38

Note:
•	 The number in parentheses indicates the number 

of mice.
•	 The values are expressed as their mean ± SD.
•	 Probability level - * p<0.05, ** p< 0.01, *** p<0.001.
•	 Glutaminase activity: 1 unit = µg NH3 liberated /g 

liver/min.
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Chart-1 showing the liver tissue glutaminase 
activity in group-I, group-II, group-III and group-IV 
mice.
Discussion
The liver tissue glutaminase activity is significantly 
raised in group-II (p<0.001) as compared to group-I 
(refer table-1 and chart-1). It has been previously 
reported that amino acids, especially glutamine, play 
an important role in tumor cell proliferation[4,5] as they 
behave as “glutamine trappers”[10]. The conversion of 
glutamine to glutamate is catalyzed by mitochondrial 
glutaminase enzyme[11]. (refer figure-1)
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Figure 1

Glutamine, through glutaminolysis, serves as both 
anaplerotic re-feeder of the TCA cycle and NADPH 
demands fulfiller for growth[4]. Also, glutamine was 
found to be the most rapidly consumed amino 
acid by Ehrlich ascites carcinomas as well as by 
a number of hepatomas and carcinosarcomas 
proliferating in vivo[12,13].The rate of glutaminase 
activity correlates with the rate of tumor growth and 
is found to be over expressed in a variety of tumor 
models and human malignancies[14-16]. The observed 
significant raise in glutaminase activity in group-
II (control) mice suggests that this carcinoma is 
highly glutamine dependent. Several studies have 
reported that glutaminase inhibitors have anti-
proliferative activity in vitro and in vivo in mice in a 
wide range of cancers[5]. A significant decrease (p 
> 0.001) in glutaminase activity in preventive and 
curative groups (refer table-1 and chart-1) suggests 
that DADS at the dosage employed has inhibitory 
effect on glutaminase activity. Several other research 
studies have suggested that DADS exhibits its 
anti-inflammatory effects by suppressing nuclear 
factor kappa B (NF-kB)[17]. NF-kB, a proinflammatory 
transcription factor that is hypothesized to promote 
tumorigenesis by regulating the expression of genes 
that are involved in cell proliferation, apoptosis, and 
metastasis[17,18]. Suppression of NF-kB in tumor cells 
usually leads to tumor regression, which makes the 
NF-kB pathway a promising therapeutic target[17]. 
Research findings from Wang JB et.al[14] suggests 
that NF-kB is essential for glutaminase activation 
in cancer cells. We hypothesize that DADS at the 
dosage of 100 mg/kg body weight, by suppressing 
the NF-kB, might have in turn inhibited the expression 
of glutaminase enzyme and cancer progression.

Conclusion:
In conclusion, DADS at the dosage employed has 
inhibitory effects on liver glutaminase activity which 
may be attributed to anti-inflammatory properties of 
DADS, specifically in suppression of NF-kB signalling 
pathway. Targeting glutaminolysis via glutaminase 
inhibitors can inhibit oncogenic transformation. As 
prospects, more clinical trials with DADS and other 
organosulfur compounds in cancer research would 
perhaps give researchers and clinicians a deeper 
insight in to their therapeutic values.

References
1.	 Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer 

Metabolism. Cell Metab. 2016; 23(1):27-47.
2.	 Yuneva M: Finding an “Achilles’ heel” of cancer: the role of glucose 

and glutamine metabolism in the survival of transformed cells. Cell 
Cycle.2008; 7:2083-2089.

3.	 Mayers JR, Vander Heiden MG. Famine versus feast: understanding the 
metabolism of tumors in vivo. Trends Biochem Sci. 2015; 40:130-40.

4.	 Wang Z, Liu F, Fan N, et al. Targeting Glutaminolysis: New Perspectives 
to Understand Cancer Development and Novel Strategies for Potential 
Target Therapies. Front Oncol. 2020; 10:589508.

5.	 Hoerner CR, Chen VJ, Fan AC. The 'Achilles Heel' of Metabolism in 
Renal Cell Carcinoma: Glutaminase Inhibition as a Rational Treatment 
Strategy. Kidney Cancer. 2019; 3(1):15-29.

6.	 Song X, Yue Z, Nie L, Zhao P, Zhu K, Wang Q. Biological functions of 
diallyl disulfide, a garlic-derived natural organic sulfur compound. Evid 
Based Complement Alternat Med. 2021; 2021:5103626. 

7.	 Yi L, Su Q. Molecular mechanisms for the anti-cancer effects of diallyl 
disulfide. Food Chem Toxicol. 2013; 57:362-370.

8.	 Dattaprasad D, Vickram, Thirumalarao KR. Effect of diallyl disulfide on 
liver lipid alterations in experimentally induced hepatoma in mice. J Evid 
Based Med Healthc. 2019; 6(3):150-153.

9.	 Varley H. Practical Clinical Biochemistry. 4th Ed. Chapter 9, Blood and 
urine urea. CBS Publishers New Delhi India; 1988. 160-161.

10.	 Klimberg, VS, Mc Clellan JL. Glutamine, cancer and its therapy. Am. J. 
Surg.1996; 172:418-424.

11.	 Xiang L, Mou J, Shao B, et al. Glutaminase 1 expression in colorectal 
cancer cells is induced by hypoxia and required for tumor growth, 
invasion, and metastatic colonization. Cell Death Dis. 2019; 10(2):40. 

12.	 Marquez J, Sanchez-Jimenez F, Medina MA, Quesada AR, Nunez de 
Castro I. Nitrogen metabolism in tumor bearing mice. Arch Biochem 
Biophys. 1989; 268:667-675.

13.	 Sauer LA, Stayman JW 3rd, Dauchy RT. Amino acid, glucose, and lactic 
acid utilization in vivo by rat tumors. Cancer Res. 1982; 42:4090-4097.

14.	 Wang JB, Erickson JW, Fuji R, et al. Targeting mitochondrial glutaminase 
activity inhibits oncogenic transformation, Cancer Cell. 2010; 18(3):207-
219.

15.	 Masisi BK, El Ansari R, Alfarsi L, et al. The Biological and Clinical 
Significance of Glutaminase in Luminal Breast Cancer. Cancers (Basel). 
2021; 13(16):3963. 

16.	 Erickson JW, Cerione RA. Glutaminase: a hot spot for regulation of 
cancer cell metabolism? Oncotarget. 2010 Dec; 1(8):734-40.

17.	 Saud SM, Li W, Gray Z, et al. Diallyl Disulfide (DADS), a Constituent of 
Garlic, Inactivates NF-κB and Prevents Colitis-Induced Colorectal Cancer 
by Inhibiting GSK-3β. Cancer Prev Res (Phila). 2016; 9(7):607-615.

18.	 Xia Y, Shen S, Verma IM. NF-κB, an active player in human cancers. 
Cancer Immunol Res. 2014; 2(9):823-30.

Conflict of interest: Nil
Source of funding: Nil 

Date received: Mar 23, 2022
Date accepted: May 12, 2022


