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BACKGROUND: Type 2 diabetes mellitus (T2DM) is associated with oxidative stress, leading to insulin resistance. Thiosulfate
sulfurtransferase (TST) is mitochondrial enzyme involved in the reaction with cyanide, endogenous hydrogen sulfide (H,S),
and reactive oxygen species.

AIM: This study aimed to investigate the relationship between TST enzyme and both oxidative and anti-oxidative stress
markers in T2DM patients. TST is believed to be related to oxidative stress, which plays a crucial role in determining the se-
verity and progression of the disease.

MATERIALS AND METHODS: A case-control study included (150) T2DM patients who were taking the drug Metformin (Glu-
cophage) 500 mg twice daily as well as (150) healthy subjects aged between 33 to 65 years. TST activity was estimated based
on the sulfur transfer and thiocyanate formation. Malonaldehyde (MDA), peroxynitrite, peroxidase, aryl esterase, vitamin C,
vitamin E, thioredoxin (Trx) and glutathione (GSH) were also measured. In addition to clinical markers, all measurements were
made in two replicates, statistical analyses were conducted, and data were presented as a median and interquartile range.
RESULTS: TST activity was significantly lower (by 55%) in T2DM patients compared to the controls (8.5 (3.8) vs. 19 (2) U/ml,
respectively). There was an inverse relationship between enzyme activity and age, whereas enzyme activity increased with
smoking. Antioxidant compounds such as vitamin C, vitamin E, GSH, Trx, and arylesterase activity were significantly lower,
while oxidant markers including peroxidase activity, MDA, and peroxynitrite, were significantly higher. TST activity showed
a negative correlation with MDA and peroxynitrite, and a positive correlation with Trx and GSH.

CONCLUSION: TST activity is reduced in T2DM patients and is associated with oxidative stress. This suggest that TST may
play a protective role against oxidative stress, making it a potential indicator of metabolic regulation and a possible thera-
peutic target.
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OBOCHOBAHME. CaxapHbiin gruabet 2 tuna (C2) accoummpoBaH C OKUCAUTENbHbIM CTPECCOM, KOTOPbIV MPUBOAUT K MHCY-
nuHopesncteHTHocTU. Tuocynbdat-cynbdypTparHchepasa (TCT) — 3T0 MUTOXOHAPUANBHBIN GEePMEHT, y4acTBYIOLNIA B peakK-
LMAX C LMaHNAOoM, SHAOTeHHbIM cepoBogopofoM (H,S) 1 akTuBHbIMU dopmamu Kncnopoga.

LIENIb. Llenbio paHHOro nccnepoBaHna 66110 M3yyeHrie B3aumocBasn mexay depmeHtom TCT 1 mapkepaMmn Kak OKUCNU-
TeSIbHOTrO, TaK U @aHTMOKCMAAHTHOrO cTpecca Yy naumeHToB ¢ CL12. MNpegnonaraetcs, uto TCT cBA3aHa C OKUCNIUTENbHbIM CTPeC-
COM, KOTOPbI UTPAET KIOUYEBYIO POJIb B ONPESENEHUN TAXKECTM Y MPOrpeccMpoBaHms 3abosieBaHUs.

MATEPUAJbl U METOLbI. B nccnegoBaHme «ciyyai-kOHTPOb» BKAOYeHbl 150 nauneHTos ¢ C[12, npuHumasLwnx metdop-
MUH (MMokodax) no 500 mMr aBaXkAabl B AeHb, a TakKe 150 340poBbIX KL, B Bo3pacTe oT 33 o 65 net. AKTBHocTb TCT oue-
HMBasiacb Ha OCHOBE MepeHoca cepbl U 06pPa3oBaHUsA ToLMaHaTa. TakxKe U3MEPANMCb YPOBHM MaJIOHOBOTO Avanbaermaa
(MIA), nepoKCMHUTPIWTA, NEPOKCMAA3bI, apunscTepasbl, BUTamuHa C, BuTamuHa E, Tnopegokcnna (Trx) n rnytatmona (GSH).
MoMMMO KNUHNYECKX MapKePOB, BCE U3MEPEHUA NPOBOANIUCH B fIBYX NMOBTOPaX, Obl1 BbINOIHEH CTAaTUCTUYECKUIA aHanus,
a fJaHHble NpeAcTaBneHbl B BUAe MefuaHbl U MEXKKBapTUNbHOrO pa3maxa.

PE3YJIbTATbI. AktneHocTb TCT 6Gbina 3HaunTenbHO HuXe (Ha 55%) y nauneHToB ¢ C[12 No cpaBHEHMIO C KOHTPOJIbHOW Fpyn-
now (8,5 (3,8) npotne 19 (2) Ea/mn cootBeTcTBEHHO). BbiNna 06HapyxeHa obpaTHasA 3aBUCMOCTb MeXJY aKTUBHOCTbIO dep-
MEHTa 11 BO3PacTOM, B TO BPEMSA KaK Y KypALUX akTMBHOCTb depMeHTa Obina Bbille. YPOBHU aHTUOKCUAAHTHBIX COEAUHEHNIA,
Takux Kak ButamuH C, ButamuH E, GSH, Trx, 1 akTMBHOCTb apunacTepasbl Obiin 3HAUUTENBHO HUXKE, B TO BPEMA Kak MapKepbl
OKMUCNUTENBHOrO CTPEecca, BK/oYaA akTUBHOCTb Nepokcuaasbl, MOA 1 NepoKCUMHUTPUT, Oblfn 3HAUMTENBbHO Bbille, AKTUB-
HocTb TCT nokasana oTpuuaTenbHyto Koppenaumio ¢ MIA 1 nepoKCMHUTPUTOM 1 MONOXKUTENbHYI0 Koppenauuto ¢ Trx n GSH.
3AKJMIOYEHUE. AktueHocTb TCT cHukeHa y naumneHTos ¢ C[12 1 cBA3aHa C OKNCINTENbHbIM CTPECCOM. DTO NO3BONAET Nped-
NoNoXunTb, 4to TCT MOXKET NrpaThb 3aLMTHYIO POJb MPOTMB OKNCIIMTENBHOIO CTPECCa, YTO AeNaeT ee NoTeHUnanbHbIM NHAW-
KaTOpOM MeTaboNMUYeCcKon perynsiium 1 BO3MOXHOI TepaneBTUYeCKON MULLEHDIO.

KJTKOYEBBIE CJZTOBA: caxapHeiti duabem 2 muna; TCT; okuciumesnbHbil cmpecc; muopedoKCUH; 2llymamuoH; sumamuH E; nunudHeil npogune.
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ORIGINAL STUDY

BACKGROUND

Type 2 diabetes mellitus (T2DM) is the most comm on
type of diabetes and accounts for the highest incidence.
Diabetes is rapidly emerging as a critical global health
concern, affecting approximately 529 million individuals
aged between 20 and 79 in 2021, with this number expect-
ed to rise to 783 million by 2045 [1]. T2DM occurs when
the body'’s cells become resistant to the effects of insulin or
when the pancreas fails to produce enough insulin to regu-
late glucose levels within the normal range. Diabetes is also
associated with lifestyle factors such as physical inactivity
and weight gain due to an unhealthy diet [2]. Oxidative
stress (OS) plays a pivotal role in the pathophysiology
of T2DM [3]. Chronic hyperglycemia in T2DM promotes
ROS production, which adversely affects insulin-produc-
ing pancreatic beta cells due to their limited antioxidant
capacity. This oxidative stress impairs beta-cell function,
reduceing insulin secretion and increasing insulin resist-
ance [4]. This imbalance also affects GLUT-4 regulation,
further contributing to insulin resistance [5] and playing
a significant role in diabetes-related complications, includ-
ing cardiovascular diseases [6].

Thiosulfate sulfurtransferase (TST), also known as
Rhodanese (EC 2.8.1.1) was first identified as an enzyme
involved in cyanide detoxification. It is essential for degra-
dation of reactive oxygen species (ROS) and metabolism
of sulfide (H2S) by sulfur dioxygenase'’s [7]. The activity
of TST has been linked to metabolic diseases through its role
in stimulating mitochondrial activity and increasing antiox-
idants level. It also plays a significant role in decreasing H2S
levels [8]. Therefore, TST is considered a crucial enzyme for
protecting cells from oxidative stress and supporting met-
abolic stability. It achieves this by neutralizing reactive ox-
ygen and nitrogen species (ROS and RNS), helping to main-
tain redox balance [9]. Additionally, it supports antioxidant
systems, particularly by regenerating GSH and Trx, which are
essential for protecting cells, especially mitochondria, from
oxidative damage [10]. Beyond its role as an antioxidant,
TST regulates hydrogen sulfide signaling and redox balance,
further contributing to cell protection [11]. Hydrogen per-
oxide (H,0,) oxidizes TST at its active site, which contains
the amino acid cysteine, and this reaction can be reversed
by Trx [12].

TST is also involved in the formation and repair
of iron-sulfur clusters, which are critical for the function-
ing of various mitochondrial enzymes, including those in-
volved in the electron transport chain (ETC). It facilitates
the restoration of these clusters by donating sulfur atoms,
thereby indirectly supporting mitochondrial respiration
and cellular energy production [13]. Moreover, TST inter-
acts with enzymes involved in oxidative metabolism, such
as xanthine oxidase, succinate dehydrogenase, and NADH
dehydrogenase, highlighting its pivotal role in regulat-
ing cellular metabolism and protecting against oxidative
stress [14].

However, studies [14-15] have shown that the under-
standing of the role of TST in response to oxidative stress is
unclear, and the mechanism by which TST acts on mitochon-
drial superoxide remains unknown. Nevertheless, the possi-
bility remains that this could be harnessed to protect cells
in vivo from oxidative damage.
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RESEARCH AIM

The study was conducted on TST in individuals with
T2DM (at the Al-Wafa Center for Endocrinology and
Diabetes in Mosul) and its relationship to oxidative stress.
The study involved estimating oxidizing and antioxidant
compounds, including MDA, peroxynitrite, peroxidase,
aryl esterase, vitamin C, vitamin E, Trx, and GSH. The study
hypothesized that TST related to oxidative stress plays
a crucial role in determining the severity and progression
of the disease and could serve as a potential therapeutic
target.

MATERIALS AND METHODS

Place of the research. Biochemistry laboratories
in the Department of Chemistry, Collage of Science,
University of Mosul.

Period of the research. From December 2023 to April 2024

STUDY DESIGN

The study design is a single-center, observational,
case-control, and cross-sectional study. It included two
groups:

Patients: 150 individuals with T2DM, 85 males and 65 fe-
males, aged 33-65 years. All patients were visiting Al-Wafa
Endocrinology and Diabetes Center in Mosul, Irag. The pa-
tients were diagnosed and followed up by specialized phy-
sicians, and all patients were using the drug Metformin
(Glucophage) 500 mg twice daily. Patient information was
collected through questionnaires and interviews with pa-
tients.

The Control: 150 healthy individuals who were not infect-
ed and showed no clinical symptoms, including 83 males
and 67 females, matched in age to the patients.

Physical examinations were performed, and demo-
graphic data such as systolic and diastolic blood pressures,
hip and waist circumference (in cm) and body mass index
(BMI) [weight (kg)/height (m?)] were measured for all par-
ticipants.

Exclusion Criteria: Patients with diabetic nephropathy,
type 1 diabetes, gestational diabetes, or any hormonal ab-
normalities were excluded.

LABORATORY PARAMETER ASSESSMENTS

This research was conducted at the Chemistry
Department, College of Science, University of Mosul. Five
milliliters of venous blood were collected from the study
participants after at least 8 hours of overnight fasting.
The blood biomarker was assessed using a commercial kit
according to the manufacturer’s instructions. The basic prin-
ciples of estimation methods:

The HbA1c test is based on a colorimetric enzymatic as-
say. The insulin was estimated using electrochemilumines-
cence immunoassay (ECLIA) based on the Sandwich princi-
ple with kits from Roche Diagnostics Corporation, utilizing
the Cobas e 411 analyzer.

Glucose, uric acid, albumin, and lipid profile (total
cholesterol, triglycerides, and HDL) were also measured.
Additionally, urea and creatinine levels were measured
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to evaluate renal function, and aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels were as-
sessed for liver function, using an enzymatic colorimet-
ric method with a kit from Biolabo SAS (France, Catalog
No. 02160).

Glucose was measured using the Trinder method.
Triglycerides were broken down by lipase into fatty acids
and glycerol. Total cholesterol (TC) was measured based on
its hydrolysis into free cholesterol and fatty acids. The sed-
imentation method was used to estimate the HDL-C, and
albumin was measured using the bromocresol green meth-
od. Creatinine was measured using the Jaffe method, urea
was measured using the urease and uric acid was meas-
ured using the uricase. The activity of (GPT or ALT) and
(GOT or AST) catalyze the amino conversion reaction
to form a colored compound under certain conditions.
Very-low-density lipoprotein cholesterol (VLDL) was calcu-
lated by dividing triglycerides (TG) by 2.5, while low-den-
sity lipoprotein cholesterol (LDL) was determined using
the Friedwald formula.

The HOMA-IR was calculated as = [Fasting
Insulin (uU/ml) * fasting glucose (mmol/L)] / 22.5 [16]

In the next set of experiments conducted using man-
ual methods, the activity of TST was estimated according
to the method of (Urbanska et al., 2002) [17]. TST cata-
lyzes the transfer of a sulfur atom from the sulfur donor
(thiosulfate) to nucleophilic acceptor (cyanide). The lev-
els of MDA, an oxidative stress biomarker, were measurd
using a method based on reaction of MDA with thiobar-
bituric acid (TBA) to produce a colored compound [18].
Trx was determined based on its ability to reduce di-
sulfide bonds in insulin, using dithiothreitol as a reduc-
ing agent [19]. According to [20], peroxidase activity was
estimated based on the enzymatic oxidation of hydrogen
peroxide, forming a colored substance. Additionally, ary-
lesterase activity was measured using a method in which
the enzyme breaks down phenyl acetate into phenol and
acetic acid. GSH was estimated using a modified Ellman’s
reagent, which contains 5,5'-dithiobis-(2-nitrobenzoic
acid), and reacts with the sulfhydryl (-SH) group in GSH
to form a yellow compound. Vitamin E (alpha-tocopher-
ol) was estimated based on oxidation-reduction reactions
known as Emmeric-Engle Reaction.

DATA ANALYSIS

The Statistical Package for the social Sciences (SPSS-
2022) was used to analyse the study’s data and to obtain
the median and interquartile range. A t-test was used
to compare the patients to controls. To determine a linear
relationship between various parameters, the Pearson cor-
relation coefficient (r) was used. A P-value <0.05 was consid-
ered statistically significant.

ETHICS REVIEW

The study adhered to all legal and ethical standards and
requirements. Approval was obtained from the Ministry
of Health/Nineveh Health Directorate, Mosul, Iraq (Protocol
Number: 2023228). Written informed consent was obtained
from all participants, and the consent forms were signed on
December 13,2023
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RESULTS

A total 150 individuals with T2DM were includ-
ed in the case group (Female/Male: 85/65, mean age:
50 (8.5) years), and 150 healthy individuals without dia-
betes were included in the control group (Female/Male:
83/67, mean age: 56.5 (10.5) years. Demographic and an-
thropometric characteristics of the study population are
shown in Table 1. Systolic and diastolic blood pressure,
waist circumference, and hip circumference were signifi-
cantly higher in the T2DM group compared to the control
group, while age, sex, and smoking habits were similar be-
tween the groups. In the comparison of glucose, total cho-
lesterol, triglycerides (TG), LDL-C, VLDL-C, and Non-HDL-C
indices, thes were found to be statistically significantly
higher in the T2DM group, while HDL-C levels were lower
(Table 1). Urea and creatinine levels for renal function, AST,
and ALT for liver function showed no statistical difference
between T2DM and the control group, as did uric acid and
albumin levels.

Serum TST activity was lower in T2DM cases than
in the healthy control group (8.5(3.8) vs. 19(2) U/ml, re-
spectively) as shown in (Table 2). There was a 46% decrease
in the diabetic group compared to the control group, with
a statistically significant variation (p<0.001), this find-
ing is consistent with what was reportd by Kruithof et al,,
2022 [14], who found that TST is a genetic marker for re-
sisting obesity-related T2DM due to a negative genetic as-
sociation between them. It was also found that enzyme ac-
tivity decreased with increasing age, indicating an inverse
relationship between enzyme activity and age. However, no
statistical difference was observed in TST activity between
females and males in the groups. Additionally, it was found
that enzyme activity increased with smoking.

The antioxidant compounds, such as vitamin C, vita-
min E, GSH, Trx, and the activity of arylesterase, were sig-
nificantly lower in T2DM compared to the control group, as
shown in Table 3. On the other hand, oxidant compounds,
such as the activity of peroxidase, MDA, and peroxynitrite,
were significantly higher in T2DM.

Table 4 and Figure 1 show the correlation coefficient
of TST activity with antioxidant and oxidant compounds
in the T2DM group. The results of the correlation coefficient
showed a positive correlation between TST activity and both
(Trx) and (GSH) (r=0.75, r=0.77, respectively), and a negative
correlation between TST activity and both MDA and peroxy-
nitrate (r=-0.73, r=-0.81, respectively).

DISCUSSION

The results of the study showed that the activity of TST
decreases in T2DM patients who visit the Al-Wafa Center for
Endocrinology and Diabetes in Mosul, aged 33 to 65 years,
and for both sexes, compared to the healthy group.
Additionally, advancing age is inversely related to TST activi-
ty, while activity does not differ between males and females.
TST activity also increases in smokers.

According to a study by Perridon et al. [21] on decreased
TST activity, the reason may be the loss of proteostasis,
characterized by a reduced ability to maintain protein qual-
ity control in T2DM, which could result in the misfolding or
degradation of TST, decreasing its levels. Moreover, stem cell
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Table 1. The demographic and anthropometric values of the participants

Variable l(\:n(:ar:;i;or:ss?{l‘:)uRI; MTe2 d?:,rlasg(()llépR) reference values
Age (year) 50 (8.5) 56.5(10.5) -
Sex (Female / Male) 83/67 85/65 -
Smoking/ non-Smoking 80/70 82/68 -
Systolic blood pressure (mmHg) 121 (11) 144 (14)* <120
Diastolic blood pressure (mHg) 70 (10) 81 (10)* <80
weight (Kg) 77 (20) 98 (33)* -
BMI (Kg/m?) 34(10.5) 385(11)* 30 and 39.9 obesity.
Waist Circumference (cm) 93(12) 127 (14.5)* 80-94
Hip Circumference (cm) 104.5(12) 118.5 (10)* 94-108
Glucose (mmol/L) 54+(1.2) 10 (2.9)* 3.9-5.6
HbA1c % 4.5(1.9) 7.3(2.7)* 4-5.6
TC (mmol/L) 1.1 (0.55) 3(1)* Less than 5.2
TG (mmol/L) 0.82 (0.25) 1.3 (0.35)* Less than 1.7
HDL (mmol/L) 7.0 (0.6) 2.5(0.5)* 1.6
LDL (mmol/L) 0.7 (0.2) 1.6(0.3)* Less than 2.6
VLDL (mmol/L) 0.085 (0.038) 0.223 (0.085)* 0.05t00.78
Non HDL (mmol/L) 4.1 (0.8) 6.8 (0.6)* Less than 4mmol/L
Urea (mg/dL) 27 (3.2) 26.8 (2.5) 20-45
Creatinine (mg/dL) 0.72 (0.06) 0.79(0.05) 0.7t01.3
AST (U/L) 23.8 (4) 27 (6) 8-48
ALT (U/L) 24.5(2.9) 28 (4) 7-55
Albumin(g/L) 42 (4) 39(3.5) 34-54
Uric acid(mg/dI) 3.9(0.3) 47 (0.5) 2.7-7.3
Insulin (MU/mL) 9.5(1.7) 7.6 (1.2)* 5-12
HOMA-IR 1.7 (0.5) 2.1(0.3)* 0.5-1.4

*Significant at the level P<0.01
Note: HbA1C : Hemoglobin A1C; BMI: Body mass index ; TG: Triglyceride; HDL: High Density Lipoprotein; Non HDL: non- High Density Lipoprotein ; TC: Total
cholesterol; LDL: Low Density Lipoprotein; VLDL: Very-low-density lipoprotein; AST: Aspartate Transaminase; ALT: Alanine Transaminase.

Table 2. TST Activity of Control and Patient Groups

Activity of TST (U /ml)
Influential factors Median & (IQR) %
control group (T2D) Patients group
(35-45) 24 (6)a 14 (4)a -41
Age (years) (46-55) 19 (3)b 10 (2)b* -47
(>55) 14 (2)c 6 (3)c* -57
Male 20(3)a 10 (1)a* -50
Sex
Female 23 (3)a 12 (3)a* -47
) Smoking 24 (4)a 14 (3)a* -41
Smoking
Non-smoking 16 (3)b 6 (2)b* -62
Total 19(2) 8.5(3.8) -55

* Indicates the statistical difference at the level p < 0.01 between the patients and the control group.
Different letters: indicate the presence of a statistical difference between the subgroups of the same group, while similar letters indicate the absence of
a statistical difference at the level p < 0.01.
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Table 3. The oxidant and antioxidant compounds for the control and patient groups

The oxidant and antioxidant Control group (T2D) Patients group
compounds Median & (IQR) Median & (IQR)
MDA (umol/L) 2.7 (2) 9.2 (3)*
Peroxynitrite(M\L) 16.5 (4) 52 (5)*
Peroxidase(U/L) 71(10) 164 (20)*
Trx (umol/L) 5.6(2) 23(1.5)%
GSH (umol/L) 13(3) 4.8 (2)*
Arylesterase(U/L) 108 (10) 73(11) *
E (umol\L) vitamin 38 (4) 20 (5)*
vitamin C (mg\dl) 6.5(3) 3.4 (2)*

*Significant at the level P<0.01
Note: MDA: malondialdehyde; GSH: glutathione; Trx: Thioredoxin.

Table 4. The correlation between TST activity and the oxidants and
antioxidants compounds for patient group

TST activity
The oxidants and antioxidants R-value
compounds
MDA (umol/L) -0.73*
Peroxynitrite (M/L) -0.81*
Peroxidase(U/L) 0.26
Trx (umol/L) 0.75*
GSH (umol/L) 0.77*
Arylesterase (U/L) 0.38
vitamin C (mg/dl) 0.25
vitamin E (umol/L) 0.41

*Significance at p<0.01

exhaustion, which reduces the regenerative capacity of stem
cells, may lead to fewer cells overall, including those that
produce TST. Consequently, the deficiency of TST in aging
individuals could stem from the combined effects of these
interconnected hallmarks of aging, leading to reduced pro-
duction or increased degradation of the enzyme [22].

Low TST activity in individuals with diabetes can be at-
tributed to several factors linked to the disease. Diabetes
can lead to mitochondrial dysfunction, which impairs TST
activity. Additionally, diabetes is associated with elevated
oxidative stress, which can damage mitochondrial enzymes
like TST. The increased generation of reactive oxygen species
(ROS) in diabetes can directly inhibit TST activity [9]. TST is
involved in sulfur metabolism, and disturbances in this path-
way, which are prevalent in diabetes, can reduce enzyme ex-
pression and functionality [15].

The decline in physiological functions and cellular dam-
age associated with aging could impact enzymes involved
in critical metabolic pathways, including TST. Cellular senes-
cence, which results in the accumulation of senescent cells
that secrete factors disrupting normal cellular function, can
affect enzyme production [22]. Additionally, telomere attri-
tion, where shortened telomeres lead to cellular senescence
or apoptosis, may reduce the number of cells capable of pro-
ducing TST. Age-related epigenetic alterations can further
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down-regulate TST production by changing gene expres-
sion regulation [21]. Smoking increases oxidative stress, and
TST activity may be elevated in smokers due to the increased
need to convert cyanide to thiocyanate as part of the smok-
ing detoxification process [23]. Therefore, it can be conclud-
ed that smoking may negatively affect the enzyme pathway
in metabolic processes and shift the balance toward the cy-
anide detoxification pathway.

Many studies have shown that increased serum lev-
els of MDA are due to enhanced oxidative stress pro-
cesses in patients, which lead to an increase in the levels
of free radicals and lipid peroxides, and, thus, an increase
in the concentration of MDA, which is their metabolic
product [24-25]. Peroxynitrite and peroxidase levels were
increased due to oxidative stress in diabetes, as these are
among the oxidizing factors whose effectiveness increas-
esin the presence of oxidative stress, which causes the de-
velopment of insulin resistance, dysfunction of pancreatic
beta cells, mitochondrial dysfunction, and complications
of diabetes [26]. Peroxynitrite is a strong oxidizing sub-
stance formed by the combination of NO with 02—+ and
decomposes quickly into highly reactive oxidizing spe-
cies [27-28]. Peroxynitrite production increases signifi-
cantly in many disorders due to increased oxidative stress,
which leads to necrosis and programmed cell death [29].
Peroxynitrite can react with protein tyrosine lipopro-
teins and residues to form 3-nitrotyrosine. Elevated lev-
els of 3-nitrotyrosine are considered a marker of inflam-
mation in patients with T2DM. Peroxynitrite might play
a role in both macrovascular and microvascular damage
in T2DM [30].

Many studies have shown that decreased serum levels
of Trx in patients with T2DM may be due to increased ox-
idative stress, which leads to increased production of free
radicals and an increase in the concentration of thioredox-
in-interacting protein (TXNIP). TXNIP increases when glu-
cose concentration rises, leading to the generation of in-
sulin resistance. Trx improves B-cell survival under a variety
of environmental stresses [31-32]. Trx overexpression delays
the onset of diabetes and protects against 3-cell cytotoxic-
ity [33-34].

GSH is a powerful antioxidant that scavenges free rad-
icals, reduces fat peroxidation, and decreases the percent-
age of oxidized LDL. Therefore, the concentration of GSH
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Figure 1. The correlation of TST activity with MDA ,Peroxynitrite, Trx and GSH

decreases due to its consumption or may be due to a de-
crease in the activity of glutathione peroxidase (GPx) [35].
Reduced serum arylesterase activity in diabetic patients
might be caused by heightened oxidative stress, decreased
HDL-C levels, and elevated BMI [36-37]. The reason for its
decrease is due to the binding of fats to the free sulfhydryl
group, rendering them ineffective [38].

Low levels of vitamins C and E may impair the function
of beta cells in the pancreas, leading to insulin resistance
and high blood sugar [39]. It has been found that hyperg-
lycemia was significantly negatively associated with vita-
mins C and E in diabetics. Meanwhile, MDA was significantly
inversely related to vitamins C and E. Additionally, oxidative
stress in T2DM is indicated by reduced serum levels of vita-
mins C and E [40].

The results showed a negative correlation between TST
activity with MDA and peroxynitrite in the T2DM group.
The reason for this may be that TST deficiency leads to in-
creased ROS production in fat cells, which may be associ-
ated with elevated MDA levels [41]. TST deficiency also af-
fects the production of reactive nitrogen species (RNS),
including peroxynitrite. Low TST activity alters the balance
of RNS, contributing to an impaired ability to manage oxida-
tive damage. Peroxynitrite is highly reactive and can cause
damage to proteins, lipids, and DNA, exacerbating oxidative
stress [9].

In addition, the results showed a positive correlation
in the activity of the TST in the T2DM group with GSH and
Trx. GSH plays a crucial role in modulating the activity of this
enzyme. Involved in TST, GSH acts as an essential cofactor
that helps maintain the redox state of the cell, thus support-
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ing the proper function of enzymes. The interaction between
GSH and TST is critical for maintaining cellular detoxification,
especially under oxidative stress [42].

Trx, due to its redox modulatory function, can indirect-
ly influence TST activity by maintaining a balanced redox
state, which is critical for cysteine-dependent enzymatic
functions, such as TST. This may contribute to maintaining
a cellular environment that allows optimal Trx function,
particularly in detoxifying reactive sulfur species that can
arise under oxidative conditions. Together, Trx and GSH
contribute to cellular defense mechanisms against oxida-
tive damage [43].

The results of the study show that decreased TST activi-
ty is associated with increased oxidative stress in T2DM pa-
tients, reflecting the biological importance of TST. Its activity
can be enhanced by thiosulfate, which reacts with the thiol
group to generate hydrogen sulfide, therapy removing oxi-
dative radicals and increasing GSH levels. Additionally, thio-
sulfate acts as an antioxidant by eliminating superoxide. TST
may play an important role in protecting cells from oxidative
stress and supporting metabolic stability through three pos-
sible mechanisms, firstly: Neutralizing reactive oxygen and
nitrogen species (ROS and RNS): This helps maintain redox
balance and supports antioxidant systems, particularly by
regenerating GSH and Trx, which are essential for protect-
ing cells especially mitochondria from oxidative damage.
Secondly: Regulating hydrogen sulfide signaling and re-
dox balance: This further contributes to cellular protection.
Finally: Interacting with enzymes involved in oxidative me-
tabolism: By doing so, TST helps regulate cellular metabo-
lism and protect against oxidative stress.
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LIMITATIONS OF THE RESEARCH

The study had some limitations. As a case-control study
conducted at a single medical center, the results may have
been influenced by the patients’ lifestyle. Additionally,
the study included specific age criteria, so the findings may
not be applicable to all patients across different age groups.
A multicenter study with a larger sample size, including indi-
viduals over the age of sixty-five, is needed to validate these
results.

CONCLUSION

The activity of TST is low in Type 2 diabetic patients and
is correlated with MDA and peroxynitrite levels as oxidants,
as well as Trx and GSH as markers of antioxidants. These
findings suggest that negative changes in the role of TST,
associated with increased oxidative stress, may contribute
to the progression and severity of T2DM. This indicates that
TST could serve as a key biomarker in the development and
progression of oxidative stress processes. Furthermore, reg-

OPUTMHAJIbHOE NCCNEAOBAHNE

ulating these processes by enhancing enzyme activity may
present a potential therapeutic target. Future research in-
volving different groups and larger scales is recommended
to validate and expand upon these findings.
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