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Application of stable nitroxide radicals and their non-contrast forms in diagnostics of
oxidative stress in patients with diabetes mellitus type 2 and non-alcoholic fatty liver
disease

E. Georgieval”, D. Berbatov?, Y. Karamalakova®, G. Nikolova®, M. Guluboval*

!Department of General and Clinical Pathology, Forensic Medicine, Deontology and Dermatovenerology, Medical
Faculty, Trakia University, 11 Armeiska Str., 6000 Stara Zagora, Bulgaria
2Berbatov Medical Center, 8600 Yambol, Bulgaria
3Department of Chemistry and Biochemistry, Medical Faculty, Trakia University, 11 Armeiska Str., 6000 Stara Zagora,
Bulgaria
“Department of Anatomy, Histology and Embryology and Pathology, Medical Faculty, Assen Zlatarov University, 8000
Burgas, Bulgaria

Received: November 3, 2023; Revised: April 11, 2024

Non-alcoholic fatty liver disease has emerged as one of the main causes of chronic liver damage, which occurs as a
result of a wide range of complications such as obesity, T2DM, inflammation, fibrosis, and the development of non-
alcoholic steatohepatitis, and cirrhosis. Elevated serum-free fatty acid concentrations, hepatic triglyceride accumulation,
cytotoxic reactive oxygen species, and increased levels of oxidative stress are believed to be major contributors to the
development and progression of the disease. The present study highlights the application of the stable nitroxide radical
TEMPOL as an effective redox sensor for redox changes monitoring in T2DM and NAFLD patients. The oxidative stress
levels and antioxidant status were investigated in T2DM and NAFLD patients (group 2) and healthy volunteers (group 1)
by conventional EPR spectroscopy. The obtained data show a statistically significant increase in ROS levels and EPR
signal intensity of nitroxide and hydroxylamine in patients with NAFLD and T2DM compared to the control group -
healthy volunteers without metabolic disorders (post hoc test; (*) p < 0.05 vs. control). The spectroscopic analysis allows
the prediction of diabetic complications and will guide the scientific community and clinicians to conduct effective

antioxidant therapy.
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INTRODUCTION
Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a
common liver disorder characterized by fat
accumulation in the liver cells. It is one of the most
prevalent liver conditions in the world and can range
from relatively benign to more severe forms that can
lead to liver damage and other health complications.
Non-alcoholic fatty liver is the milder form of
NAFLD, where there is excessive fat accumulation
in the liver, but little or no inflammation or liver cell
damage [1]. The main risk factors of NAFLD
include excess body weight, especially around the
abdomen, insulin resistance often associated with
type 2 diabetes mellitus (T2DM), high blood
triglyceride and cholesterol levels (hyperlipidemia),
metabolic syndrome presenting as high blood
pressure, high blood sugar, excess body fat, and
abnormal lipid profiles, family history of NAFLD,
etc. It is known that there exists a close relationship
between NAFLD and diabetes.
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with diabetes are at an increased risk of
developing NAFLD, and on the other, the presence
of NAFLD can exacerbate metabolic disease since
diabetes type 2 increases the risk of NAFLD, and
having NAFLD can make it more challenging to
manage blood sugar levels in the body [2].

Role of inflammation and oxidative stress in
diabetes-related NAFLD

Non-alcoholic fatty liver disease is one of the
most common chronic liver diseases in obese and
diabetic patients, and its incidence continues to rise.
The disease ranges from mild hepatic steatosis to
liver fibrosis and cirrhosis, which increase overall
mortality in elderly patients and those with chronic
diseases [3]. Several studies have shown that insulin
resistance (IR) plays a critical role in the
pathophysiology of NAFLD and the natural history
of the disease [4-6]. Accelerated lipolysis associated
with IR increases hepatic glucose production in
NAFLD patients, which up-regulates de novo fat
synthesis, accelerating NAFLD progression [7].
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Other pathogenic pathways such as changes in
lipid metabolism, mitochondrial leakage, and
activation of pro-inflammatory cascades have been
described in disease progression [8].

It is known that the reactive oxygen species
(ROS) and inflammation play a significant role in
the pathogenesis of diabetes and the progression of
NAFLD, and that is accompanied by the
development of oxidative stress (OS) in the body [9].
When diabetes and NAFLD coexist, these two
processes can interact and exacerbate each other,
leading to more severe liver damage. Inflammation
is one of the most common players of liver damage
in NAFLD, especially in the more severe form of
NAFLD - non-alcoholic steatohepatitis. In
individuals with diabetes, there is often a chronic
low-grade inflammation throughout the body,
known as systemic inflammation. This systemic
inflammation can also affect the liver and contribute
to the non-alcoholic steatohepatitis (NASH). In the
liver, inflammation can lead to the recruitment of
immune cells and activation of pathways that
promote cell damage, fibrosis, and cirrhosis.
Another factor in the NAFLD pathogenesis is OS,
which is presented as abnormal or high levels of
ROS and reactive nitrogen species (RNS) and
reduced antioxidant defenses, or a combination of
both [10]. At the rule, OS is a physiological
condition that occurs in an imbalance between ROS
or free radicals production, and the body's ability to
neutralize or detoxify them with antioxidants. In
NAFLD, the excess fat in the liver can lead to the
production of free radicals, the process as slow as
lipid peroxidation, which can cause cellular damage
and inflammation. In NASH, the inflammation and
immune response in the liver can further promote OS
[11].

Inflammation in diabetes is driven by various
factors, including the release of pro-inflammatory
cytokines from fat tissue, activation of the immune
system, and accumulation of advanced glycation
end-products (AGEs) that can stimulate
inflammation [12]. Elevated blood sugar levels can
lead to the overproduction of reactive oxygen
species and reduce the body's antioxidant defenses.
Hyperglycemia can also lead to the formation of
AGEs, which not only promote inflammation but
also contribute to OS [13]. In individuals with
diabetes-related NAFLD, there is a synergistic effect
between inflammation and OS. Inflammation can
promote OS, witch can further intensify
inflammation [14]. This interplay can result in a
vicious cycle where liver inflammation and OS can
lead to NAFLD progression to more advanced
stages, including fibrosis and cirrhosis [15].

Nitroxide radicals as a redox sensor in monitoring
of diabetes and related complication

Nitroxides (aminoxyl radicals) are a class of
paramagnetic heterocyclic nitroxide derivatives of
piperidine, pyrroline, and pyrrolidine that possess an
unpaired electron. The ability of nitroxides to
interact with a wide range of free radicals determines
their important biological significance [16]. They are
characterized by unique antioxidant properties, the
ability to modify OS and change the redox status of
tissues by breaking down superoxide anion radicals
and hydrogen peroxide, inhibiting Fenton reactions,
and participating in radical-radical recombination
reactions [17, 18]. The unpaired electron gives them
paramagnetic properties, making them detectable by
various spectroscopic techniques. By redox-
transformation of one-electron transfer reaction,
nitroxide becomes the reduced form hydroxylamine
(>N-OH) and oxoammonium cation (>N=0+), and
donates an electron, returning the non-contrast form
to the contrast oxidized nitroxide radical (>N-Ov)
[17]. The involvement of nitroxide radicals in
reversible redox reactions makes them valuable tools
in studying redox processes at the cellular and
molecular level in a wide range of fields, including
chemistry, biochemistry, and biomedicine [19]. This
is particularly important when studying the role of
OS in the context of diseases such as cancer,
neurodegenerative disorders, cardiovascular
diseases, diabetes, etc [20]. As a redox-active
species, nitroxide can provide information about the
dynamic nature of redox processes in the body. This
makes it useful tools in the development of
diagnostic models, treatments, and interventions
targeting diseases characterized by redox imbalance
[21].

This study describes a new methodological
protocol for the evaluation of redox imbalance in
T2DM and non-alcoholic fatty liver disease and the
application of EPR spectroscopy in monitoring the
occurr redox changes.

EXPERIMENTAL
Sample preparation

The study used whole blood from T2DM and
NAFLD patients (n=50) and clinically healthy
volunteers (n=20) (age 45-65 years). The blood
samples (900 pL) were mixed with 100 pL of
nitroxide standards in DMSO (Sigma-Aldrich,
Germany) and incubated for 30 min at room
temperature. All reagents are of high purity ("HPLC-
grade™). Quartz non-heparinized capillaries were
used, which were placed in the EPR cuvette, and the
measurement was started. EPR spectral analysis was
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performed at room temperature. All EPR
measurements were performed at the following
parameters: microwave frequency — 9.4 GHz,
magnetic field strength — 336 mT, microwave power
— 2.0 mW, field modulation frequency — 100 kHz,
field modulation amplitude — 0.063 mT, time
constant — 0.01 s, sweep width — 10 mT, scan time
(sweep time) — 2 min. Each sample was scanned in
triplicate, and spectral processing was performed
using Simfonia software, Win-EPR (Brucker,
Germany). Results are presented as a percentage of
the nitroxide radical/DMSO control and a.u. in
hydroxyl amine.

RESULTS AND DISCUSSION

As a result of normal metabolic processes, ROS
are constantly produced in the human body, as the
main source of oxidants are mitochondria. On the
one hand, low levels of ROS are involved in the
immune response to deal with various pathogens,
modulating and maintaining  physiologically
important redox reactions. However, higher
concentrations of ROS lead to OS, which can lead to
oxidative damage to cells and provoke metabolic
collapse, compromising their normal functions [12].

Determination of total OS levels by electron
paramagnetic spectroscopy (CW-EPR
spectroscopy)

X-band EPR was used to determine the total OS
levels. Solutions of the nitroxide radicals TEMPOL
(4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl,
4-hydroxy-TEMPO) (0.2 mM) and 3- carbamoyl-
PROXYL (2,2,5,5-tetramethyl-1-pyrrolidinyloxy-3-
carboxamide; 3-CP) (0.5 mM), which are
characterized as suitable redox sensors for the
determination of ROS levels (O2+~, H20,, etc.). A
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confirmatory assay was performed to determine
superoxide radical levels using 0.5 mM hydroxyl
amine 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetra-
methylpyrrolidine (CMH) in DMSO. Pronounced
changes in the EPR signal intensity of nitroxide
radicals TEMPOL and 3-CP were observed in blood
samples of patients with T2DM and NAFLD,
compared to the control group (healthy volunteers,
gray). The graph profile shows high levels of free
radicals in patients with T2DM and NAFLD (Figure
1A and B), while normal redox status in healthy
volunteers does not initiate a decrease in the signal
intensity of the radical forms of nitroxide, as well as
oxidation of the hydroxyl amine form (CMH).
Values presented are mean + SEM. *p < 0.05
compared to control group.

Oxidative stress occurs as a result of metabolic
reactions with the participation of oxygen and is
expressed in a violation of the pro-oxidant-
antioxidant balance of cells and tissues. As a result,
a redox imbalance in favor of pro-oxidants is
observed, which is due to the excessive production
of reactive oxygen and/or nitrogen species and the
inability to overcome this superproduction of
oxidants by the body's antioxidant defense. Various
macromolecules such as lipids, nucleic acids, and
proteins are major targets of oxidative damage
involving ROS [22-25].

The high ROS concentrations can initiate lipid
peroxidation, DNA oxidation, and irreversible
oxidative modifications of redox-sensitive residues
in proteins (including enzymes), leading to structural
and functional changes in various macromolecules
[26]. The control group included patients without
diabetes, renal, respiratory, or cardiovascular
diseases.
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Figure 1. A, B, C. X-band EPR signal intensity in the T2DM and NAFLD patient blood samples, control nitroxide
radical/DMSO (black) and healthy volunteers (in gray): (A) TEMPOL, (B) 3-Carbamoyl-PROXYL (3-CP), and (C)

(CMH).
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Oxidative stress plays a major role in the
initiation and development of various pathological
conditions such as diabetes mellitus (DM), cancer,
atherosclerosis, neurodegenerative diseases,
ischemia/reperfusion injury, aging, etc., and their
resulting complications [27-29]. According to the
literature data known to date, metabolic disorders are
characterized by an increased production of ROS
compared to a normal healthy organism.
Hypoglycemia is believed to be involved in the
production of free radicals, the initiation of OS,
inflammation, hypercoagulation, and endothelial
dysfunction and may lead to increased levels of
oxidative markers of DNA damage, lipid
peroxidation, etc. [9]. Diabetes is associated with
several complications that are due to a higher
production of free radicals and a sharp drop in the
body's antioxidant defense expressed in reduced
superoxide dismutase (SOD) and catalase (CAT)
activity and leads to low concentrations of GSH and
Vit E [30]. These complications are characterized by
well-expressed changes in the normal redox balance
and impaired activity of antioxidant protective
enzymes, in conditions of hyperglycemia [12].
Disturbances in the normal metabolism of the body
lead to a pronounced redox imbalance, which allows
the use of nitroxide-enhanced EPR for monitoring
OS and the degree of free-radical damage in patients
with NAFLD and type 2 diabetes mellitus.

Abnormal levels of oxidants in these diseases can
lead to a loss of the EPR signal of the nitroxide
radical form (R-Oe¢) and an increase in the EPR-
silent hydroxylamine (R-OH) signal (Figure 1 A-C).
The methodological approach presented in this
article applies to direct and non-invasive assessment
of OS in patients with NAFLD and T2DM. Diabetic
patients have an increased risk of micro-, macro-
vascular and cardiovascular complications, and
increased mortality, with OS and cytokine
expression considered to be one of the key sources
of diabetic complications [9].

The EPR analysis with the participation of
oxidized and reduced forms of nitroxides aims to
show the application of their radical and hydroxyl-
amine forms in determining the levels of free
radicals and OS in patients with endocrine diseases.
Through various acid and nitrogen radical and non-
radical forms, transition metal ions, NAD(P)H,
ascorbate, etc. the nitroxide radical, which gives an
EPR signal, can be rapidly converted to the non-
contrast form hydroxylamine or oxoammonium
[31]. The presented results suggest that the nitroxide
radicals TEMPOL and 3-CP can be successfully
used for in vitro assessment of OS and redox
imbalance in patients with T2DM and NAFLD. As a

result of the high levels of free radicals, the EPR
signal intensity decreased after 30 minutes of
incubation of the blood sample in T2DM and
NAFLD patients relative to the nitroxide / DMSO
control, while in healthy volunteers, the reduction in
nitroxide signal intensity was about 10% (Figure 1A
and B).

3-CP is a neutral membrane-permeable nitroxide
that can be distributed in the intracellular and
extracellular environment and can be used to
measure the levels of oxygen radicals [32]. A high
concentration of ROS leads to a downgraded EPR
signal of paramagnetic 3-CPH due to the formation
of non-contrast hydroxylamine (3-CPOH) or
oxidation of protonated superoxide (*OOH) to
oxoammonium  cation [33]. The results
demonstrated that the intensity of 5-membered ring
nitroxide 3-carbamoyl-proxy markedly reduced in
diabetic patient blood samples, which can be a result
of high ROS production, such as superoxide anion
radicals and hydroxide radicals [34, 35] (Figure 1B).

The hydroxyl amine 1-hydroxy-3-methoxy-
carbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) is
the most effective centrifugation probe for
measuring ROS production [31] and characterize as
a neutral detector for intra- and extracellular
production of superoxide radical levels [36]. The
interaction of hydroxylamine with ROS (O~ and
H20) and RNS (peroxyl radicals or peroxynitrite)
leads to the appearance of an EPR signal [37].
Abnormal levels of ROS in patients with T2DM, and
in particular in oxidative stress-related diabetes and
NAFLD, lead to oxidation of the hydroxylamine
form of CMH and its conversion to the radical form
(CMe). The normal redox state of the organism in
healthy controls did not initiate the appearance of a
significant EPR signal (Figure 1C). This result can
be associated with low levels of ROS, well-
coordinated redox regulation, and immune responses
in healthy volunteers [38].

The results showed that EPR spectroscopy could
be a powerful tool for assessing OS in endocrine
conditions and their distinction. Based on this, the in
vitro EPR could be successfully applied for the
assessment of redox imbalance in oxidative stress-
related metabolic diseases. Patients with T2DM and
NAFLD are characterized by a completely different
redox status compared to healthy people, which can
be a basis for introducing antioxidant therapy to the
main treatment.

CONCLUSION

The present study proposes a new reading of the
application of nitroxide radicals and hydroxyl
amines in monitoring of the patients redox status, in
the context of T2DM and NAFLD-related OS. The
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developed methodological protocol will allow a
more detailed study of the dynamic nature of the
disease and will contribute to the development of
treatments and interventions aimed at limiting the
effects of oxidative damage in patients with diabetes
and its complications.

Acknowledgement: This research was funded by the
scientific projects No0.5/2023 and No0.4/2022
Medical Faculty, Trakia University, Bulgaria and
Ministry of Education and Science BG-RRP-2.004-
0006 "Development of research and innovation at
Trakia University in service of health and
sustainable well-being".

Conflict of interest: The authors declared no
potential conflicts of interest with respect to the
research, authorship, and/or publication of this
article.

REFERENCES

1. S.Pouwels, N. Sakran, Y. Graham, A. Leal, T. Pintar,
W. Yang, R. Kassir, R. Singhal, K. Mahawar, D.
Ramnarain, BMC Endocr. Disord., 22, 63 (2022).

2. R. Loomba, S. L. Friedman, G. I. Shulman, Cell.,
184, 2537 (2021).

3. S. Mitra, A. De. Chowdhury, Transl. Gastroenterol.
Hepatol., 5, 16 (2020).

4. S. Alam, G. Mustafa, M. Alam, N. Ahmad, World J.
Gastrointest. Pathophysiol., 7, 211 (2016).

5. H. W. Chao, S. W. Chao, H. Lin, H. C. Ku, C. F.
Cheng, Int. J. Mol. Sci., 20, 298 (2019).

6. H. Fujii, N. Kawada, Int. J. Mol. Sci., 21, 3863
(2020).

7. S. H. Koo, Clin. Mol. Hepatol., 19, 210 (2013).

8. Y. Shao, S. Chen, L. Han, J. Liu, Nutr. & Metab., 20,
30 (2023).

9. 0. 0. Oguntibeju, Int. J. Physiol. Pathophysiol.
Pharmacol., 11, 45 (2019).

10. M. Martin-Fernandez, V. Arroyo, C. Carnicero, R.
Sigiienza, R. Busta, N. Mora, B. Antolin, E. Tamayo,
P. Aspichueta, I. Carnicero-Frutos, H. Gonzalo-
Benito, R. Aller, Antioxidants, 11, 2217 (2022).

11. J. C. Arroyave-Ospina, Z. Wu, Y. Geng, H. Moshage,
Antioxidants, 10, 174 (2021).

12. E. Papachristoforou, V. Lambadiari, E. Maratou, K.
Makrilakis. J. Diabetes Res., 2020 (2020).

13. P. Gonzilez, P. Lozano, G. Ros, F. Solano. Int J Mol
Sci., 24, 9352 (2023).

14. A. P. Delli Bovi, F. Marciano, C. Mandato, M.A.
Siano, M. Savoia, P. Vajrop, Front. Med., 8, 595371
(2021).

15. S. Ziolkowska, A. Binienda, M. Jabtkowski, J.
Szemraj, P. Czarny, Int. J. Mol. Sci., 22 (20), 11128
(2021).

142

16. B.P. Soule, F. Hyodo, K. Matsumoto, N. L. Simone,
J. A. Cook, M. C. Krishna, J. B. Mitchell, Free Radic.
Biol. Med., 42 (11), 1632 (2007).

17. G. I. Likhtenshtein, Nitroxides: Brief History,
Fundamentals, and Recent Developments, 2020.

18. S. Bujak-Pietrek, A. Pieniazek, K. Gwozdzinski, L.
Gwozdzinski. Molecules, 28 (16), 6174 (2023).

19. G. Badi¢, A. Pavicevi¢, F. Peyrot, Redox Biol., 8, 226
(2016).

20. E. Zottler, G. Gescheidt, J. Chem Res., 35, 257
(2011).

21. C. Prescott, S. E. Bottle. Cell Biochem. Biophys., 75
(2), 227 (2017).

22. H.Sies, V. V. Belousov, N. S. Chandel, M. J. Davies,
D. P. Jones, G. E. Mann, M. P. Murphy, M.
Yamamoto, C. Winterbourn, Nature Reviews
Molecular Cell Biology., 23 (7), 499 (2022).

23. M. Panayotova, K. Peeva, P. Chakarova, Pediatriya,
55 (3), 22 (2018).

24. M. Panayotova, M. Muhtarov, P. Dragomirova, V.
Bangyozov, V. Boeva- Bangyozova, Gen. Med., 20
(3), 47 (2018).

25. M. Muhtarov, V. Boeva-Bangyozova, M.
Panayotova, D. Popov, Gen Med, 21 (1), 64 (2019).

26. C. A. Juan, J. M. Pérez de la Lastra, F. J. Plou, E.
Pérez-Lebeiia, Int. J. Mol. Sci., 22 (9), 4642 (2021).

27. T. Rahman, I. Hosen, M. Islam, H. Shekhar, Adv.
Biosci. Biotechnol., 3, 997 (2012).

28. I. Liguori, G. Russo, F. Curcio, G. Bulli, L. Aran, D.
Della-Morte, G. Gargiulo, G. Testa, F. Cacciatore, D.
Bonaduce, P. Abete, Clin. Interv. Aging., 13, 757
(2018).

29. S. Patergnani, E. Bouhamida, S. Leo, P. Pinton, A.
Rimessi, Biomed., 9 (2), 216 (2021).

30. S. C. Shabalala, R. Johnson, A. K. Basson, K.
Ziqubu, N. Hlengwa, S. X. H. Mthembu, S. E.
Mabhida, S. E. Mazibuko-Mbeje, S. Hanser, 1. Cirilli,
et al., Antioxidants, 11 (10), 2071 (2022).

31. S. I. Dikalov, Y. F. Polienko, I. Kirilyuk, Antioxid.
Redox Signal., 28 (15), 1433 (2018).

32. H. Zhang, in: Molecular Imaging and Contrast Agent
Database (MICAD), 2010.

33. A. Haj-Yehia, T. Nassar, B. Kadery, C. Lotan, N.
Da'as, Y. Kleinman, Exp. Clin. Cardiol., 7 (2-3), 85
(2002).

34. H. Miyazaki, H. Shoji, M. C. Lee, Redox Rep., 7 (5),
260 (2002).

35. M. Assayag, S. Goldstein, A. Samuni, A. Kaufman,
N. Berkman, Free Radic. Biol. Med., 177, 181
(2021).

36. S.I. Dikalov, I. A. Kirilyuk, M. Voinov, I. A.
Grigor'ev, Free Radic. Res., 45 (4), 417 (2011).

37. N. Babi¢, F. Peyrot, Magnetochem., 5 (1), 13 (2019)

38. R. Gorjao, H. K. Takahashi, J. A. Pan, S. Massao
Hirabara, J. Biomed. Biotechnol., 841983 (2012).



