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Research article

Thiol/disulfide homeostasis: A proghostic
biomarker for patients with advanced
non-small cell lung cancer?
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Haci Ahmet Bircan?, Onder Oztiirk?, Serpil Erdogan5, Munire Cakir?,
Ahmet Akkaya*

Department of Chest Diseases, Medical Faculty, Suleyman Demirel University, Isparta, Turkey, >Department of
Medical Oncology, State Hospital, Isparta, Turkey, *Department of Biochemistry, Ankara Ataturk Training and
Research Hospital, Turkey, *Department of Clinical Microbiology, Suleyman Demirel University, Isparta, Turkey,
Department of Biochemistry, Ankara Numune Training and Research Hospital, Turkey

Background: The aim of this study was to investigate oxidative stress and thiol/disulfide status with a novel
automated homeostasis assay in advanced non-small cell lung cancer (NSCLC).

Methods: Thirty-five patients with advanced NSCLC, who had been newly diagnosed and previously
untreated, and 35 healthy subjects were chosen for the study. We measured plasma total thiol
(-SH+-5-S-), native thiol (thiol) (-SH), and disulfide (-S-S-) levels in the patients with NSCLC and the
healthy subjects. The thiol/disulfide (-SH/-S-S-) ratio was also calculated.

Results: Statistically significant differences between the patient group and the control group were detected
for the thiol/disulfide parameters. The mean native thiol, total thiol, and disulfide levels were significantly
lower in the group with advanced stage NSCLC. The cut-off value was 313 and 13.8 for native thiol and
disulfide, respectively. Median overall survival (OS) was significantly shorter in patients with low native thiol
and disulfide levels according to the cut-off value (respectively, P=0.001; P=0.006). Native thiol, total
thiol, and disulfide levels were correlated with Karnofsky performance status (KPS), OS, and age.
Additionally, hierarchical regression analyses showed gender, KPS, lung metastases, and plasma native
thiol levels were the determinants of OS in the final model.

Conclusion: These results suggest that in advanced stage NSCLC, the native thiol, total thiol, and disulfide
levels decrease, while the native thiol/disulfide ratio does not change. Low levels of thiol/disulfide
parameters are related to tumor aggressiveness and may predict a poor outcome for patients with NSCLC.

Keywords: Thiol, Disulfide, Oxidative stress, Lung cancer, Prognosis

Introduction
Lung cancer is one of the most common malignant
tumors and the leading cause of cancer-related death
worldwide. Non-small cell lung cancer (NSCLC)
accounts for 80-85% of all lung cancer cases and its
5-year survival rate is very poor (about 15%).'
Reactive oxygen species (ROS) are physiologically
produced by aerobic cells, and production increases
during cell damage.?> Physiological levels of ROS
mediate critical intracellular survival signaling path-
ways. In addition, ROS, present in inflamed tissue,
can cause the inflammatory process; thus, ROS have
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great significance in tumorigenesis.’ Oxidative stress
induces a cellular redox imbalance which has been
found to be present in various cancer cells compared
with normal cells; the redox imbalance thus may be
related to oncogenic stimulation.*

Oxidative stress occurs when ROS levels exceed the
antioxidant capacity of a cell.” Lung cancer cells can
grow in an excessively oxidative environment,>’
which is believed to contribute to tumor progress
and metastasis.® High levels of oxidative markers are
related to tumor aggressiveness and can predict an
unfavorable outcome for patients with early-stage
lung adenocarcinoma.’ Moreover, clinical data have
shown that patients with lung cancer have increased
oxidative stress markers in peripheral blood,
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erythrocytes, epithelium lining fluid, breath conden-
sate, and tumor biopsies, and insufficient ingestion
of antioxidants constitutes a risk factor for developing
lung cancer.” !> Although lung cells have reduction/
oxidation (redox) features, the effect of oxidative stress
in lung cancer biology is poorly understood.

The effects of ROS are balanced by the action of
enzymatic and non-enzymatic antioxidant systems.
The enzymatic antioxidants (e.g. superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase
(GPX)), lung tissue expresses several thiol-containing
proteins and small molecules, including thioredoxins,
metallothioneins, glutathione (GSH), and peroxidases
such as thioredoxin reductases and peroxiredoxins
(also called thioredoxin peroxidases), which all contain
the amino acid cysteine in their active centers.’

The non-enzymatic antioxidants, compounds that
have sulfhydryl groups (—SH), called thiols (R-SH),
are particularly important.'! Total thiols consist of
intracellular and extracellular thiols either in the free
form or reduced GSH, or thiols bound to proteins.
The plasma thiol pool is chiefly composed of
albumin, protein, and low-molecular-weight thiols.'?
Thiols contribute the major portion of the total anti-
oxidants present in the body and play an important
role in defense against ROS."? Measuring thiols in
serum provides an indirect reflection of the antioxida-
tive defense.'* Thiols can form disulfide bonds with
oxidation reactions. The disulfide bonds can again
be reduced to thiols, and thus, dynamic thiol-disulfide
homeostasis. Dynamic thiol-disulfide homeostasis
status has critical roles in antioxidant protection,
detoxification, signal transduction, apoptosis, regu-
lation of enzymatic activity and transcription factors,
and cellular signaling mechanisms.'"> An abnormal
thiol-disulfide homeostasis state is involved in the
pathogenesis of various diseases, including diabetes,
cardiovascular disease, cancer, rheumatoid arthritis,
chronic kidney disease, acquired immunodeficiency
syndrome, Parkinson’s disease, Alzheimer’s disease,
Friedreich’s ataxia, multiple sclerosis and amyotrophic
lateral sclerosis, and liver disorder.'®

Thus, we aimed to investigate the associations
between clinicopathological parameters and survival
of patients with NSCLC with oxidative stress with a
novel specific automated thiol/disulfide homeostasis
assay.

Materials and methods

Patients and healthy subjects

The 35 patients included in this study were newly diag-
nosed with advanced stage (IIIB and IV) with histo-
logically or cytologically confirmed NSCLC. Disease
staging was performed according to the seventh
edition of the American Joint Committee on Cancer
(AJCC) Cancer Staging Manual. At the beginning of
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the study, the patients had not been treated with antic-
ancer medication and had not undergone radiother-
apy. Some patients had received platinum-based
chemotherapy after diagnosis. For prognosis analyses,
the overall survival (OS) was calculated from the date
of diagnosis to the date of last follow-up or death from
any cause. In addition, the Karnofsky performance
status (KPS) was recorded for the patients. The
control group was composed of 35 healthy individuals.
In the patient and control groups, patients with active
infection, chronic inflammatory or autoimmune
disease, and drug intake and steroid treatment were
excluded from the study.

Blood samples

Peripheral blood samples (5 ml) were obtained from
healthy subjects and at the time of diagnosis with
patients. Samples were collected in tubes containing
EDTA. Plasma samples were separated from cells by
centrifugation at 1500 x g for 10 minutes and were
stored at —80°C.

Assay

Principle of the new assay

Dynamic disulfide bonds (—S-S-) in the sample are
reduced to functional thiol groups (-SH) by NaBHy.
The wunused NaBH; remnants are completely
removed by formaldehyde. Thus, this prevents the
extra reduction of the DTNB and further reduction
of the formed disulfide bond, which are produced
after the DTNB reaction. The total thiol content of
the sample is measured using modified Ellman
reagent. Native thiol content is subtracted from the
total thiol content and half of the obtained difference
gives the disulfide bond amount. The disulfide par-
ameter is a value which can be calculated automati-
cally as half of the difference of the two measured
values. The assays can also be performed manually
by using spectrophotometers or multiwell readers.
All volumes of the samples and reagents must be
increased at the same ratio. Use of a second (side)
wavelength is optional.

In the first step of the assay, only dynamic and redu-
cible disulfide bonds were completely reduced to free
functional thiol groups. Static and structural disulfide
bonds were not. In the second step, the remaining,
unused reductant NaBH,, was completely consumed,
and in the last step, all thiol groups — consisting of
native thiol groups plus reduced thiol groups — were
reacted with DTNB. Half of the difference between
assay pairs gave disulfide amounts, which were calcu-
lated automatically. In addition to the measurement of
plasma native thiol and disulfide amounts, —S-S—/
—SH, -S-S-/(-SH+-S-S-), and -SH/(-SH+-S-S-)
ratios  were  calculated  automatically  and
synchronously.'®



Optimizations of NaBH, and formaldehyde
concentrations

Pure sodium borohydrate solution reduced DTNB to
TNB and led to false positive results in the assay. It
also reduced the formed disulfide bonds, which are
produced after DTNB reduction to TNB, to free sulf-
hydryl groups; this vicious circle proceeded until
NaBH,; was consumed. After the reduction of
dynamic disulfide bonds to free sulfhydryl groups,
the unused NaBH, remnants were completely
removed using formaldehyde. After the removal of
NaBH, by formaldehyde, no false positive result inter-
ference was seen; thus, the extra reduction of DTNB
and further reduction of the formed disulfide bonds
were completely prevented. Optimal NaBH, concen-
tration was found to be 10 mM. The lower concen-
trations showed insufficient reduction capacity for
disulfide bonds, while the higher concentrations
showed false positive results. Optimal concentrations
of the chemicals used were determined by changing
the concentration of one chemical while the concen-
trations of the other chemicals were kept constant.
The optimal formaldehyde concentration was found
to be a millimolar concentration of 6.715.

Interference

It was found that hemoglobin, EDTA, citrate, and
oxalate did not interfere with the assay developed,
but bilirubin did negatively interfere with the assay.
Lipemic and uremic plasma samples did not interfere
with the assay. Plasma and serum samples can be
used as samples.

Statistical analysis

Analyses were performed using SPSS software (ver-
sion 22.0, SPSS, Chicago, IL). P values <0.05 were
considered statistically significant. The Kolmogorov—
Smirnov test was used to evaluate the normality of
the distributions of variables. Parametric continuous
variables were presented as mean + standard devi-
ations. Differences in the continuous variables
between groups were assessed by z-test for variables
with normal distribution or the Mann—-Whitney U-
test for variables without normal distribution. Categ-
orical variables were summarized as frequencies and
compared with the chi-square test. The Spearman or
Pearson correlation coefficient was computed to
examine the association between two continuous vari-
ables. The levels of plasma thiol and disulfide values in
predicting presence of NSCLC disease were analyzed
using receiver operating characteristics (ROC) curve
analysis. In cases where the ROC curve analysis
yielded a significant cut-off value, the sensitivity,
specificity, positive, and negative predictive values
were calculated. When evaluating the area under the
curve, a 5% type-1 error level was used to accept a
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statistically significant predictive value of the test
variables. OS probability was calculated using the
product limit method of Kaplan—Meier. Differences
in survival between groups were determined using
the log-rank test. A multiple linear regression
model was used to identify independent predictors
of OS.

Results

The demographics and the thiol /disulfide homeostasis
parameters (native thiol, disulfide, total thiol, and
native thiol/disulfide) of the patients and healthy con-
trols are summarized in Table 1. There were no signifi-
cant differences between the age and gender of the
patients and the healthy controls (P = 0.882 and P =
0.784, respectively). The native thiol, disulfide, and
total thiol levels were statistically significantly
decreased (P < 0.05); however, the native thiol/disul-
fide ratio was not statistically significant in the patients
with NSCLC compared with the control subjects. The
clinicopathological features of the patients are pre-
sented in Table 2: the histological type, KPS, tumor
spread (cT), lymph node metastasis (cN), treatment
status (chemotherapy, radiotherapy), and location
and number of distant metastases.

Total and native thiol levels correlated negatively
with KPS (P < 0.05). The native thiol levels correlated
positively with OS, disulfide, total thiol, and native
thiol/disulfide (P < 0.05 for OS and disulfide; P <
0.01 for total thiol and native thiol/disulfide). In
addition, the disulfide levels were negatively correlated
with native thiol/disulfide (P < 0.01). However, the
disulfide levels were positive correlated with OS,
native thiol, and total thiol (P < 0.05 for all). These
data are summarized in Table 3.

Hierarchical regression analyses were conducted to
test the relative explanatory values of three sets of vari-
ables on OS: (1) the demographics (gender, age); (2)
clinicopathological features (KPS, cN, ¢T, metastasis
status, and site number); (3) plasma marker levels

Table 1 Characteristics of subjects

Lung cancergroup Control group

n:35 n:35 P

Age 61.8+79 60.8+6.8 0.882

Gender 0.784
Male n (%) 31(88.6) 30 (85.7)
Female n (%) 4 (11.4) 5(14.3)

Native thiol 266.1 = 64.5 313+78.2 0.008
(umol/1)

Disulfide 17.2+56 202+ 4.4 0.021
(umol /1)

Total thiol 300.6 +68.9 354 +79.5 0.004
(umol/1)

Native thiol/ 175+93 16.1 £5.06 0.880
disulfide

Numerical data are shown as mean =+ standard deviation.
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Table 2 Patients characteristics

Characteristic n (%)
Histology

Adenocarcinoma 9(25.7)

Squamous cell carcinoma 13 (37.1)

Other and uncertain 13(37.1)
KPS

>80 22 (32.8)

<80 13 (19.4)
cT

T1 3(8.6)

T2 10 (28.6)

T3 3(8.6)

T4 19 (54.3)
cN

N1 5(14.3)

N2 18 (51.4)

N3 12 (34.3)
Chemotherapy

Yes 19 (54.3)

No 16 (45.7)
Radiotherapy

Yes 3(8.6)

No 32 (91.4)
No. of metastatic sites

<2 19 (54.3)

>2 16 (45.7)
Metastatic sites

Brain 7 (20)

Lung 11 (31.4)

Bone 14 (40.0)

Hepatic 7 (20.0)

Adrenal gland 6(17.1)

Lymph node 31 (88.6)

Malignant pleural effusion 5(14.3)

KPS, Karnofsky performance status.

T, primary tumor; N, regional lymph node, TNM staging system
for lung cancer (seventh edition of the American Joint
Committee on Cancer (AJCC)).

(thiol, total thiol, and disulfide). The demographic
factors were first controlled in Block 1.
Clinicopathological features were entered in Block 2,
and plasma marker levels were entered in Block
3. The results showed that gender, KPS, lung metas-
tases, and plasma native thiol levels were the determi-
nants of OS in the final model (Table 4).

We defined the ROC curves of the plasma levels of
thiol and disulfide in relation to disease presence of
NSCLC. The cut-off point for the plasma thiol and
disulfide  levels was 313  (sensitivity = 80%,

specificity = 60%) and 13.8 (sensitivity = 30%,
specificity = 99%), respectively (area under curve =
0.69 [95% confidence interval, CI =0.56-0.82] and
0.62 [95% CI = 0.49-0.76], respectively); see Figs. 1
and 2. If the patients’ thiol and disulfide levels were
above or equal to the estimated cut-off points, the
levels were high, and if the level was below the cut-
off point, the level was low. The percentage of patients
with low thiol levels was 80% and with low disulfide
levels was 28.6%.

When we recategorized the patients regarding high
or low plasma markers and compared them statisti-
cally, we found a significant correlation between
these parameters and OS. The median OS (10 vs. 6
months, P =0.001, log-rank test) was significantly
shorter in patients with low thiol levels (Fig. 3).
Similar results were obtained for low disulfide levels
(median OS; 7 vs. 5 months, P =0.006, log-rank
test, Fig. 4).

Discussion

To our knowledge, this was the first study that exam-
ined the relationships between oxidative status, clinico-
pathological features, and OS in patients with NSCLC
with a new automated assay, thiol /disulfide homeosta-
sis. We showed that the native thiol, disulfide, and total
thiol levels in patients with NSCLC were decreased
statistically significantly compared with those of the
control subjects. Our findings suggest that low
plasma native thiol and disulfide levels were correlated
with inferior OS. Additionally, the plasma native thiol,
total thiol, and disulfide levels correlated with KPS,
age, and OS in patients with NSCLC. Furthermore,
low KPS, male gender, lung metastases, and low
native thiol levels are potential risk factors for poor
OS of patients with NSCLC.

The redox status related to the production of intra-
cellular ROS in cancer cells has also been denoted to
control the aggression of cancer cells. Chemically, oxi-
dative stress is associated with the increased pro-
duction of oxidizing species or a significant decrease
in the effectiveness of antioxidant defenses and
repair systems. Induced oxidative stress in cancer

Table 3 Means, standard deviations, and correlations among variables

Variables Mean SD 1 2 3 4 5 6

oS 5.37 2.45

Disulfide (umol/1) 18.6 5.3 0.341*

Native thiol (umol/I) 288.9 74.8 0.345* 0.213*

Total thiol (umol/I) 326.3 78.4 0.388* 0.366* 0.987+

Native thiol/disulfide 16.8 75 -0.073 —0.693* 0.545* 0.434*

KPS 80 (40-90)" 0.156 0.096 —0.421* 0.407* 0.185

Age 61.8 7.9 -0.314* -0.102 —0.084 —0.047 —0.148 —0.358*
*P < 0.05.

*P<0.001.

TMedian value (min — max).

SD, standard deviations; OS, overall survival; KPS, Karnofsky performance status.
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Table 4 Results of the regression analysis with OS as criterion variable

Unstandardized
coefficients

Standardized coefficients

H B Std error Beta t P
Gender 2.360 0.987 0.311 2.391 0.024
KPS 4.293 1.411 0.712 3.043 0.005
Lung metastases -2.10 0.684 -0.404 -3.071 0.005
Native thiol 0.240 0.005 0.620 4.298 <0.001

cells is a result of the lower levels of antioxidant
enzymes such as SOD, GPX, GSH reductase, and
CAT." In addition, in many malignancies, footprints
of oxidative damage, the markers of the imbalance
between oxidants and antioxidants, have been detected
and associated with several cancer-related processes,
such as resistance to chemotherapy.'>'%2!

The action of non-enzymatic antioxidants, such as
total thiols and non-protein thiol groups, are extremely
important because they contribute to protecting
normal cell structures and functions, since —SH
groups are included in maintaining redox homeostasis,
extinguishing free radicals, and participating in detox-
ification reactions.”> Zanini er al.*®, in patients with
lung cancer, investigated the activity of the enzymes
included in oxidative stress status such as SOD and
CAT, and verified the total thiols, non-protein thiols,
and thiobarbituric acid reactive substances (TBARS:
markers of lipid peroxidation) levels. The antioxidant
enzymes SOD and CAT, as well as the total thiol
and non-protein thiol levels, were higher and
TBARS levels were lower in the patients with lung
cancer compared with the control group. However,
Klarod et al** found the non-enzymatic antioxidant

ROC Curve

0,87

0,6

Sensitivity

0,41

00 T T T T
0,0 02 04 06 08 1,0

1 - Specificity
Figure 1 The ROC curve showing the sensitivity and

specificity of the plasma thiol levels due to disease
development of NSCLC.

levels, including retinol, alpha-tocopherol, beta-caro-
tene, lycopene, beta-cryptoxanthin, selenium, and
zinc, were lower in patients with lung cancer than in
the control group, especially in patients with advanced
stage disease. In addition, Gupta et al.>> showed that
oxidative/antioxidative parameters for controls and
patients with NSCLC such as GSH levels and SOD
activity were significantly lower in the patients with
NSCLC compared with the control subjects. These
results suggested that a decrease in antioxidant
enzyme activity may be a response to increased ROS
production, and in time antioxidant enzyme activity
may be insufficient for detoxification of high levels
of ROS.

There is no agreement about the level of antioxi-
dants in lung cancer. Studies have shown increased
antioxidant activity in tumor cells or the lung epi-
thelial lining fluid of individuals with lung cancer
while others have reported reduced antioxidant
activity in lung tumors.

In the current study, the native thiol, disulfide, and
total thiol levels were decreased statistically signifi-
cantly in patients with NSCLC compared with the
control subjects while the native thiol/disulfide ratio

ROC Curve

0,8

0,671

Sensitivity

0,4+

0,2

00 T T T T
00 02 04 06 08 10

1 - Specificity
Figure 2 The ROC curve showing the sensitivity and

specificity of the plasma disulfide levels due to disease
development of NSCLC.
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10 month (95% C17.07-12.9)

0,87

0,67

6 month (95%Cl 5.6-6.3)

Overall Survival

Thiol
0I2— At o < 31 3
~1>313
Log Rankp: 001 —% < 313-censored
—+->313-censored
0,0
T T T - . - :
° 2 4 6 8 10 12

Month

Figure 3 Kaplan—-Meier OS curves for patients with NSCLC,
stratified by plasma native thiol levels at the time of diagnosis.

does not change (Table 1). Under oxidative stress dis-
ulfide level is expected to increase as thiol level
decreases. But results of our study did not support
this. There are many factors affecting the thiol-disul-
fide balance except oxidative stress and these factors
may have affected the results. Thiol and disulfide are
not stable due to the plasma kinetic barriers. The
steady state concenrations and also the ratios of
oxidized versus reduced thiols are results of several
concurrent processes. Processes that affect the concen-
trations of thiols and oxidized are; the rates of the
thiol-disulfide exchange reactions, the rates of thiol
oxidation by ROS and possible repair processes, the
rates of enzymatic extracellular degradation of GSH,

1.0 - Disulfide
--"1<138
~M1>138

< <138 -censored
—+->13.8-censored

0,87

0,64

Overall Survival

0,27

7 month (95% CI 5.3-8.1)
Log Rank p:0.006

0,04

T T T T T T
0 2 4 6 8 10

Month

Figure 4 Kaplan-Meier OS curves for patient with NSCLC,
stratified by plasma disulfide levels at the time of diagnosis.
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the rates of transport between the plasma compart-
ment and especially erythrocytes and endothelial
cells, rates of liver release of thiol-containing mol-
ecules such as human serum albumin, glutathione,
according to a minor extent rates of renal excretion
and intracellular metabolism. However, certain quan-
titative information about the process is not clear.'?

Our study cut-off value was determined using ROC
analysis for native thiol and disulfide levels in terms of
showing the disease (Figs. 1 and 2). Accordingly, the
sensitivity of the thiol levels and the specificity of the
disulfide levels were high (80%, 99%, respectively). In
previous studies, cut-off values of thiol/disulfide
homeostasis were not determined for the diagnosis of
lung cancer. The low antioxidant levels (i.e. TBARS
levels) in patients with lung cancer could be related
to the increasing tumor size and progression of
cancer.’*?” Gupta er al.>> showed that after standard
platinum-based chemotherapy in patients with lung
cancer, GSH levels increased significantly in respon-
ders compared with non-responders. These effects
may also contribute to increased survival among
responders. According to this study, the low GSH
levels were associated with a poor outcome. In
another study, a decrease in antioxidant enzymatic
activity in the cancerous and borderline regions pro-
moted the growth of cancer tissue and its infiltration
into the surrounding tissues, which is important in
invasion and metastasis.*®

It is shown that increased ROS products or
decreased antioxidant levels cause DNA damage and
this is related with short survival times of patients
with cancer.”® Similarly, we found low native thiol
and disulfide levels were associated with poor OS
(Figs. 3 and 4). We also found a positive correlation
between thiol/disulfide homeostasis parameters
(Table 3). The linear regression analysis showed that
plasma native thiol levels are independent from OS
(Table 4). In this analysis, we observed that other
factors that identify OS are the male gender, KPS,
and lung metastases.

A relation between oxidative stress and cachexia and
poor performance status has been shown in many
cancers including lung cancer.’***3?  Oxidative
stress, the main feature of cancer cachexia, triggers
the overproduction of ROS or decreases antioxidant
playing a major role in the pathogenesis of systemic
symptoms of cachexia.** In our study, there was a cor-
relation between the KPS score and low thiol/disulfide
homeostasis parameters.

Conclusion

In summary, the thiol/disulfide homeostasis levels
measured with the new method were low and were
related to KPS and poor OS. To our knowledge, this
is the first study of oxidative status with a novel



automated assay thiol/disulfide status as a possible
prognostic marker. The limitation is that the small
number of cases in each group barely produced statisti-
cally significant results. Further studies are needed to
investigate the interaction between oxidants and anti-
oxidants in lung cancer as well as the impact on the
clinical outcome or the treatment interference.
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