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Abstract. Oxidative stress has been linked to the progression 
of mutations and cancer. Increased glutathione (GSH) contents 
have been observed in a number of different human cancer 
tissues. GSH is synthesized de novo in a two-step process 
catalyzed by glutamate cysteine ligase (GCL). The present 
study aimed to investigate whether GCL was associated with 
renal cell carcinoma (RCC). The protein expression levels of 
the GCL subunits (catalytic subunit, GCLc; and modulatory 
subunit, GCLm) and GCL activity were examined in renal 
cancer tissue. A total of 46 patients fulfilling the RCC criteria 
of the World Health Organization, revised in 2004, were 
enrolled. The tumor and adjacent tissues were sampled from 
all the subjects by surgery. The study demonstrated that GCLc 
and GCLm protein expression and the GCL activity were 
significantly increased in the tumor tissue from RCC patients. 
These results indicate that increased expression and enzymatic 
activity of GCL is closely associated with RCC and thus, this 
suggests an important role for GSH in the pathogenesis of RCC.

Introduction

Renal cell carcinoma (RCC) is the most common malignant 
tumor of the kidney and incidence has been increasing world-
wide (1). The pathogenesis and diagnosis of the prognosis 
for patients with RCC has remained poor, regardless of the 

extensive clinical trials that have been performed (2-4). There 
are numerous components that comprise the tumor environ-
ment, each of which allows for an advantageous environment 
for survival (5). Oxidative stress has been linked to the progres-
sion of mutations and cancer. In the case of a cancer cell, a 
significant imbalance between reactive oxygen species/reactive 
nitrogen species production and antioxidant defense can explain 
all the findings associated with tumor growth and a state of high 
oxidative stress, such as loss of redox homeostasis (6). Hypoxia 
is a general characteristic of solid tumors (7). Increased gluta-
thione (GSH) contents have been observed in a number of 
different human cancer tissues, including breast, brain, colon, 
pancreas, lungs, head and neck cancer and leukemia (8-14). 
High intracellular GSH levels are important contributors to 
pathologies, such as cellular transformation, resistance to radia-
tion and antineoplastic treatments in cancer cells (15).

GSH is synthesized de novo in a two-step process catalyzed 
by glutamate cysteine ligase (GCL, EC 6.3.2.2), previously 
known as γ-glutamylcysteine synthetase and GSH synthetase 
(GS; EC 6.3.2.3). GCL catalyzes the first and rate‑limiting 
step, in which glutamate is ligated with cysteine to form 
γ-glutamylcysteine (γ-GC), which is rapidly linked to glycine 
to form GSH via the action of GS (16). GCL is a heterodi-
meric enzyme consisting of a catalytic subunit (GCLc) and 
a modulatory subunit (GCLm), which are encoded by two 
genes (17). GCLc performs all the enzymatic activity and its 
catalytic efficiency is increased by the covalent interaction 
with GCLm (18,19). GSH can be depleted through the specific 
downregulation of the GCL levels by hammerhead ribo-
zyme. Ribozymes have been shown to deplete GSH levels by 
inhibiting GCLc and GCLm, and enhancing anticancer drug 
sensitivity (20). The aim of the present study was to evaluate 
the change of GCL expression and activity in RCC patients.

Materials and methods

Patients and controls. A total of 46 patients with clear cell 
RCC fulfilling the RCC criteria of World Health Organization, 
revised in 2004 (21), were enrolled for the study. The tumor 
tissue and adjacent normal tissue were sampled from all the 
patients through surgery. Staging of 46 RCC patients, including 
12 of stage I, 10 of stage II, 18 of stage III and six of stage IV, was 
assessed by the tumor-node metastasis (TNM) staging system 
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for kidney cancer revised by American Joint Committee on 
Cancer (22). In total, 46 RCC patients were confirmed through 
pathology. All the patients signed an informed consent form 
prior to the initiation of the study. All the samples from the 
patients were analyzed and approved by the Ethics Committee 
of Qingdao Municipal Hospital (Qingdao, Shandong, China).

GCL activity assay. GCL activity was determined by the 
fluorescence assay described by Chen et al (23). Tumor 
tissue and adjacent tissues for comparison from RCC patients 
were homogenized in 20 mmol/l Tris-HCl, 1 mmol/l EDTA, 
250 mmol/l sucrose, 20 mmol/l sodium borate and 2 mmol/l 
serine [TES/SB buffer (w/v=1/4)] and sonicated at 100 W for 
60 sec. The mixtures were centrifuged at 10,000 x g at 4˚C 
for 10 min and the supernatants were collected. The samples 
were centrifuged again at 15,000 x g at 4˚C for 20 min and the 
supernatants were collected. The protein concentrations were 
determined using the bicinchoninic acid (BCA) Protein Assay 
kit (Beyotime Institute of Biotechnology, Shanghai, China), 
with bovine serum albumin as the standard.

For the GCL activity assay, 30 µl supernatant aliquots were 
mixed with 30 µl GCL-reaction cocktail [400 mmol/l Tris-HCl, 
40 mmol/l adenosine triphosphate (ATP), 40 mmol/l L-glutamic 
acid, 2 mmol/l EDTA, 20 mmol/l sodium borate, 2 mmol/l serine 
and 40 mmol/l MgCl2]. After incubation at 37˚C for 5 min, 30 
µl 30 mmol/l cysteine solution (dissolved in TES/SB buffer) was 
added and the mixtures were incubated at 37˚C for 13 min. The 
enzymatic reaction in the mixtures was stopped by precipitation 
of proteins with 200 mmol/l 5-sulfosalicylic acid (SSA). After 
placing the samples on ice for 20 min, the mixtures were centri-
fuged at 2,000 x g at 4˚C for 10 min. Following centrifugation, 
20 µl of each supernatant that contained the γ-GC product was 
added to a 96‑well plate designed for fluorescence detection. 
For each assay, 20 µl γ-GC standards containing 5 µl GCL 
reaction cocktail, 5 µl 200 mmol/l SSA, 5 µl H2O and 5 µl 
γ-GC standard solution (0, 20, 40, 60, 80, 100, 120 or 140 µM 
γ-GC in TES/SB buffer) was added to each well of the same 
96-well plate to generate the standard curve. Subsequently, 
180 µl 2,3-naphthalenedicarboxyaldehyde (NDA) was added 
into each well. After incubation in the dark at room temperature 
for 30 min, the formation of NDA-γ-GC was measured (472 nm 
excitation/528 nm emission) using a fluorescent plate reader 
(GENios Plus; Tecan Group Ltd., Männedorf, Switzerland). 
The production of γ-GC in each sample was calculated with a 
standard curve. The values are expressed in millimoles per min 
per milligram protein.

Western blotting. The protein contents of the GCLc and 
GCLm subunits of GCL were determined by western blotting, 
as described by Chen et al (23). Briefly, the tumor and adjacent 
tissues for comparison from RCC patients were homogenized, 
respectively, in DNase buffer containing 20 mmol/l Tris-HCl 
(pH 6.8), 1 mmol/l CaCl2, 5 mmol/l MgCl2 and 150 U/ml 
DNase I (Takara Bio, Inc., Dalian, China). The homogenates 
were placed on ice for 40 min and mixed with the same 
volume of urea buffer containing 6 M urea, 2% sodium 
dodecyl sulfate (SDS) and 20 mmol/l Tris-HCl (pH 6.8). The 
mixtures were centrifuged at 600 x g at 4˚C for 15 min and the 
supernatants were collected. The protein concentrations in the 
supernatants were determined using the BCA Protein Assay 

kit as aforementioned. The supernatants containing equal 
amounts of protein (20 µg for GCLc and 50 µg for GCLm 
as determined by the linear responses of respective antibody) 
were loaded onto 12% SDS-polyacrylamide gels and separated 
by electrophoresis using Mini-Vertical Gel Electrophoresis 
Units (Bio-Rad, Hercules, CA, USA). The proteins that 
were resolved on the gels were transferred to polyvinylidene 
difluoride (PVDF) membranes using a Trans‑Blot Semi‑Dry 
Transfer Cell (Trans-Blot; Bio-Rad) at 10 V for 30 min.

The protein-bound PVDF membranes were incubated 
overnight at 4˚C with the polyclonal GCLc antibody (1:3,000; 
Abcam, Cambridge, UK) or monoclonal GCLm antibody 
(1:3,000; Abcam). The blots that were probed with the GCLc 
or GCLm antibody were incubated with the second antibody, 
goat anti-rabbit immunoglobulin G (1:3,000; Beijing Kangwei 
Technology Group Co., Ltd., Beijing, China) conjugated with 
horseradish peroxidase, at room temperature for 1 h. The 
5-bromo-4-chloro-3'-indolyl-phosphate p-toluidine-nitroblue 
tetrazolium chloride (Beijing Kangwei Technology Group 
Co., Ltd., Beijing, China) substrate was used for colorimetric 
visualization of the immunoreactions on the membranes. The 
immunoblots were imaged using a JS-680D automatic gel 
imaging analyzer (Shanghai Peiqing Science and Technology 
Co., Ltd., Shanghai, China). The band intensity of all the 
samples was normalized using glyceraldehyde 3-phosphate 
dehydrogenase as the standard. The intensity of the immu-
noreactions on the blots was quantified using Quantity 
One software (SensiAnsys; Shanghai Peiqing Science and 
Technology Co., Ltd., Shanghai, China).

Statistical analysis. Statistical analysis was performed using 
the SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Data 
are expressed as the mean ± standard deviation. The difference 
between the subject groups was analyzed using student's t-test 
independently. Correlations analysis was performed using 
Spearman's rank test. P<0.05 was considered to indicate a 
statistically significant difference. All the figures were gener-
ated with the GraphPad Prism software, version 5.0 (GraphPad 
Software, Inc., La Jolla, CA, USA).

Results

Changes in enzymatic activity of GCL in RCC. GCL 
activity from 46 RCC patients was analyzed. The average 
GCL activity in the tumor tissue from the RCC patients was 
342±123 mmol/min/mg protein, which significantly increased 
compared to the adjacent normal tissue (98±21 mmol/min/mg 
protein) (P<0.01) (Fig. 1). The association between the enzy-
matic activity of GCL and TNM staging was analyzed. The 
results demonstrated that the GCL activity levels positively 
correlated with TNM staging (r=0.68, P<0.01) (Fig. 2).

Changes to the protein contents of GCL subunits in RCC. To 
understand why the GCL activity in the tumor tissue of RCC 
patients changed, the protein content of the two GCL subunits 
was determined.

The modifier subunit of GCL lowers the Km (increases the 
affinity) for glutamate and ATP, and increases the concentration 
of GSH required for GCL inhibition (Ki) (24). The represen-
tative immunoblots (A) and a summary of the densitometric 
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analysis (B) of GCLm from the RCC tumor tissue and adjacent 
normal tissue are shown in Fig. 3. In the tumor tissue, the relative 
GCLm contents were greater (1.506±0.33, P<0.01) compared to 
the values observed in the adjacent control tissue (1.103±0.14).

The representative immunoblots (A) and densitometric 
analysis (B) of GCLc from the RCC tumor tissue and adja-
cent normal tissue are shown in Fig. 4. The relative content 
of GCLc in the RCC tumor tissue was significantly increased 
(1.348±0.46, P<0.05) compared to the values observed in the 
adjacent control tissue (0.983±0.22).

Taken together, all these results showed that the changes 
in the protein content of the GCL subunits were found in the 
tumor tissue from the RCC patients.

Discussion

GSH is a significant intracellular antioxidant that generates a 
number of important roles within a cell, including drug detoxi-
fication, maintenance of the redox state and cellular protection 
from damage by free radicals, peroxides and toxins (15). 
Consequently, GSH has a critical role in several human 
diseases, including cancer and cardiovascular diseases (25). 
In the present study, the change in GCL protein expression 
and enzymatic activity was reported through western blotting 
and an activity assay in RCC patients, and through the positive 
correlation between GCL activity and TNM staging of RCC.

High intracellular GSH levels are significant contributors 
to pathologies, such as cellular transformation, resistance to 
radiation and antineoplastic treatments in cancer cells (15). 
The loss of intracellular GSH is an early indicator of cell death 
progression in response to different apoptotic stimuli and it is 
believed to be part of the changes involved in the generation 
of a permissive apoptotic environment that is necessary for 
the activation of apoptotic enzymes (26). A previous study has 
focused on utilizing the oxidative vulnerabilities of cancer cells 
and has led to the development of drugs that are specifically 
designed to disrupt the cellular redox balance and enhance the 
clinical effects of existing chemotherapy agents (27). The roles 
of the intracellular and extracellular redox state in the induc-
tion and maintenance of oxidative stress that is associated with 

Figure 1. Glutamate cysteine ligase (GCL) activity in tumor tissue from renal 
cell carcinoma (RCC) patients and control group. GCL activity was mea-
sured from the  RCC patients and control group (n=46). The GCL activity 
significant increased in RCC patients compared to the controls (**P<0.01).

Figure 2. Positive correlation between glutamate cysteine ligase (GCL) 
activity and tumor-node metastasis (TNM) staging in renal cell carcinoma 
patients (n=46).

Figure 3. (A) Representative immunoblots and (B) content changes of gluta-
mate cysteine ligase modulatory subunit (GCLm) are indicated from renal 
cell carcinoma (RCC) patients and the control group. Data are expressed as 
mean ± standard error. **P<0.01. WB, western blotting.

Figure 4. (A) Representative immunoblots and (B) content changes of glu-
tamate cysteine ligase catalytic subunit (GCLc) are indicated from renal 
cell carcinoma (RCC) patients and the control group. Data are expressed as 
mean ± standard error. *P<0.05. WB, western blotting.
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cancer and metastasis via the activation of survival pathways, 
disruption of cell-death signaling and increase in cell prolif-
eration has been shown previously (28).

In the present study, the protein expression levels of GCLc 
and GCLm and the enzymatic activity of GCL were shown 
to be significantly increased in the tumor tissue of the RCC 
patients, which may be an indicator of oxidative stress in RCC. 
Taken together, these results show the cause and consequence 
of the severity of the disease. These results suggest that the 
levels of GCL activity may be involved in RCC pathogenesis.

GCL catalyzes the first and rate‑limiting step, in which 
glutamate is ligated with cysteine to form γ-GC, which 
is rapidly linked to glycine to form GSH via the action of 
GS (16). The present study showed that there is a good correla-
tion between the GSH levels and GCL, which is the primary 
determinant of the rate of GSH synthesis (29). GSH-dependent 
detoxifying reactions protect cells from oxidative damage (30). 
In the last two decades, there has been much progress in the 
understanding of the roles of GSH in cancer cell biochem-
istry (31). GSH constitutes a major antioxidant defense system 
and together with the GSH-related enzymes, GSH is critical 
in protecting cells against free radical damage and control-
ling the tumor cell response to additional cancer therapies, 
such as irradiation and chemotherapy (32). Although there 
are potential benefits for cancer therapy using a selective 
GSH-depletion strategy, such a methodology has remained 
elusive thus far (28).

In conclusion, the present study showed that GCL enzymatic 
activity was upregulated and positively correlated with TNM 
staging in RCC patients. The results indicate that increasing 
GCL activity may correlate with the disease severity of RCC. 
The data provide support that oxidative stress may be a target 
for therapy or pharmacological agents of the RCC disease. 
The study indicates that the protein expression levels of GCLc 
and GCLm are increased in the renal tumor tissue from RCC 
patients compared to the adjacent controls. However, more 
in vitro and in vivo mechanistic studies are required to investi-
gate the relationship between GSH and pathogenesis of RCC.
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