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OXIDATIVE PROTEIN DESTRUCTION PRODUCTS AS MARKERS OF CHRONIC KIDNEY
DISEASE PROGRESSION IN DIABETES MELLITUS
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Chronic kidney disease (CKD) represents one of the most common complications of type 1 diabetes mellitus (T1D). Oxidative stress (OS) can be considered as
a key link of pathogenesis of CKD associated with T1D, therefore, identification of the redox status markers is important for prevention of the development and
progression of this disorder. The study aimed to assess the substances generated during oxidative destruction of proteins and their correlation with glomerular
filtration rate (GFR) in patients with T1D and stage 1-3 CKD. The study involved healthy individuals (n = 14), patients with T1D showing no signs of CKD (n = 30),
as well as patients with T1D and stage 1 CKD (n = 60), stage 2 CKD (n = 38), and stage 3 CKD (n = 31). Healthy participants were matched to the index group
by age and gender: 42.9% were males, 57.1% were females, the average age was 30.6 + 4.2 years; body mass index, systolic and diastolic blood pressure, lipid
profile were within normal. It has been found that patients with T1D and stage 1-3 CKD demonstrate plasma accumulation of early and delayed neutral and base
products of oxidative protein modification (OPM): spontaneous 157% based on median, metal-induced 143% based on median relative to healthy individuals. We
have revealed a decrease in overall antioxidant status (OAS) of plasma in 51% of patients with T1D and stage 3 CKD compared to patients with T1D without CKD.
Estimated GFR, the integral indicator of renal function, decreases with increasing plasma levels of OPM products, decreasing OAS. The data obtained allow us to
consider plasma levels of OPM products, OAS as affordable and informative methods to assess progression of early stage CKD in patients with T1D.
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NMPOAYKTbl OKUCIIUTENBHOW AECTPYKLNWN BEJIKOB KAK MAPKEPbI MTPOrPECCUPOBAHUSA
XPOHUYECKOW BOJIE3HW MNOYEK MPU CAXAPHOM OUABETE

M. B. Ocukos'?, J1. A. Ocbpoc'?, J1. 0. XKypasnesa'?><, A, A. Pegocos®

" KOXKHO-YpanbCKMi rocyaapCTBEHHbI MEAVLIMHCKMIA yHMBEpCUTET, YensbuHek, Poccuns
2 YensibuHckas obnacTHast KnvHndeckast 6obHMLa, HYensbuHek, Poccust
3 Poccuinckuii yHUBEpCUTET Apy>KObl HAPOLOB UMeHM IMaTpuca Jlymymosl, Mocksa, Poccus

OpHo 13 Hanbonee 4acTbIX OCNOXHEHNI caxapHoro avabeta 1-ro Tuna (CA1) — aT1o xpoHuyeckas 6onedHb nodek (XBIM). OkmcnutensHbin ctpece (OC) MOXHO
paccmaTpuBaTh Kak Kto4eBoe 38eHO B natoreHede XBI npy CA1, B ¢BA3M C Hem BOCTPeOOBaHO BbISBEHVE MAPKEPOB PEOOKC-CTaTyCa 419 MPefoTBpaLLeHmns
Pa3BUTUS N MPOrPECCUPOBaHNS 3TOro 3aboneBanHus. Lienbto nccnenoBaHyist Oblio NPOBECTU aHanM3 BELLECTB, 06Pa3yoLLMXCS NPV OKVCAUTENBHOM NOBPEXAEHNN
6enkoB, 1 X CBSA3b CO CKOPOCTBLIO KIybo4KoBoM thunstpaumn (CK®) y nauveHTos ¢ CA1 npu XBIM 1-3 ctaguii. B UccnenoBaHm y4acTBOBa 300p0oBble ftoav (0 = 14),
6onbHble CO1 6e3 npuaHakos XBIT (n = 30), a Takke 6onbHble CA1 ¢ 1-11 ctaguenn XBI (n = 60), 2-i ctaguein XBI (n = 38) n 3-i ctaguen XBI (n = 31). 3goposble
YHaCTHVIKM COMOCTaBVIMbI MO BO3PACTY W MOJy C OCHOBHOW rpyMmo: My>xXdnH 42,9%, »eHwmH 57,1%, cpepHuin BodpacT 30,6 + 4,2 neT, nokasatenu nHaekca
Macchl Tena, CUCTONMHECKOrO W AMACcTONMHYECKOrO apTepuanbHOro AaBieHVs, IMnuaorpamMmMel B npedenax HopMasibHbIX 3HaqeHnn. BoisiBneHo, YTo y 60mbHbIX
¢ CO1 n XBI 1-3-1 cTagnii B NnasMe HakanMBaloTCs paHHME W NO3OHVE HENTPasIbHOrO M OCHOBHOIO XapakTepa MpOoayKTbl OKUCIUTENBHON MoaudrKaumm
6enkoB (OMB) B CNOHTaHHOM pexxumMe no mMeaviaHe 157%, B MeTann-mHOyLMPOBaHHOM pexxnMe no meguaHe 143% B cpaBHeHUM co 300poBbIMY. OTMEYEHO
CHKeHne obuero aHTrnokenaaHTHoro ctatyca (OAC) nnasmbl Ha 51% y naumertos ¢ CAO1 1 XBIM 3-i cTagum B cpasHeHnn ¢ naupeHtamv CL1 6e3 XBIT.
VHTerpaneHbIi nokasarens yHKUMM nodek — pacdeTHas CK® — cHkaeTcs no mepe  yeennyeHnst npomyktos OMB B nnaame, cHmkerns OAC. MNonyyeHHble
[aHHble MO3BOMISIKOT paccMaTpuBaTth cofepkanne B nnasme npogyktoB OMB, OAC kak [OCTyrnHble 1 MHOPMaTVBHbIE METOLb! OLEHKM MPOrpeccupoBaHms
HavanbHbix ctaguii XBIy 6onbHbix ¢ C1.

KntoueBble cnoBa: caxapHblii avabeT 1-ro T1na, MporpeccnpoBaHe XpoHMHeCcKo 60neaHn nodek 1-3- ctaguii, okMcIUTenbHas AeCTPyKLUMS 6enkoB
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Diabetes mellitus (DM) and chronic kidney disease (CKD) are
significant medical and social challenges faced by the global
community. According to the International Diabetes Federation,
in 2021, there were 537 million people with DM registered in the
world, which is 6% of the global population [1]. As of January 1, 2023,
the number of DM patients in Russia was 4.9 million (3.31% of
the population), and 277.1 thousand of them (5.58%) suffered
from type 1 DM (T1DM). The trend for T1DM prevalence is
upward: in 2010, there were 146 cases registered per 100
thousand population, and in 2022, the figure was 191, which
gives an annual growth of 2-3% [2]. Diabetic nephropathy is
the most common complication: 40% of T1DM patients have it,
and the probability of diagnosing this condition after 8-10 years
with TIDM is 50%, growing to 75% after 15-20 years [3]. The
risks of developing CKD in T1DM increase significantly as the
target parameters of carbohydrate metabolism grow (HbA1c
above 7%) [4, 5]. The prevalence of CKD among T1DM patients
reaches 25-75%; the disease remains the main microvascular
complication [7, 8]. Globally, the prevalence of CKD is 10-18%,
and in Russia it is about 11% [9]. It is assumed that by 2040,
CKD will become one of the main reasons for the shortening
of life expectancy [10]. In high-income states, dialysis and
kidney transplantation consume 2-3% of the overall healthcare
budget, and the share of patients receiving such treatment is
less than 0.03% of the country's population [11].

In 2022, one of the topics discussed at the KDIGO
conference was the importance of establishing the risk factors
associated with CKD development and progression, since
the impact of the disease on the health of the population is
growing, and there are obvious gaps in this subject matter
[12]. Early diagnosing of CKD and the introduction of modern
treatment methods can significantly reduce the need for renal
replacement therapy in the late stages of the disease. The
progression of CKD in T1DM patients causes death in over
70% of patients within five years; in addition, CKD affects the
cost of diabetes treatment [13]. Deliberate interferences at the
early stages of CKD in T1DM patients help prevent deterioration
of kidney function and improve treatment outcomes, which
necessitates regular screenings for CKD [14]. Understanding
the molecular and cellular mechanisms contributing to the
progression of CKD in DM patients is a key factor for the
development of effective diagnostic and therapeutic strategies
[8, 15]. Animportant aspect thereof is the spectrophotometric
assessment of the plasma total antioxidant capacity (TAC) that
enables oxidative stress (OS) monitoring.

The purpose of the study was to analyze substances
resulting from the oxidative degradation of proteins, and to
determine their connection to the glomerular filtration rate
(GFR) in T1DM patients with stage 1-3 CKD.

METHODS

The study was conducted at the Chelyabinsk Regional Clinical
Hospital under the South Ural State Medical University of the
Ministry of Health of the Russian Federation. Criteria for inclusion
in the study: informed consent, T1DM diagnosed over 3 months
as per the clinical recommendations of the Russian National
Medical Research Center for Endocrinology [16]. Exclusion
criteria: the age of men- over 60 years old, postmenopausal
age for women,; estimated glomerular filtration rate (eGFR) <
< 29 ml/min/1.73 m?; diagnosed T2DM, pheochromocytoma,
primary hyperparathyriosis, Itsenko—Cushing's disease,
acromegaly, hypothyroidism, thyrotoxicosis; diagnosed
hypertension before the onset of T1DM; severe concomitant
diseases of the liver, lungs, tuberculosis, rheumatological,
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autoimmune and oncological diseases; inflammatory kidney
diseases, congenital kidney abnormalities; active inflamsnmatory
processes; intake of glucocorticoids and cytostatics, vitamin
D preparations, phosphatebinders; pregnancy; non-standard
body size; paraplegia and quadriplegia; acute renal injury;
transplanted kidney.

Group 1 included healthy people comparable in age and
gender to the treatment group (n = 14), group 2 consisted of
T1DM patients without CKD (n = 30), group 3 was comprised
of T1DM patients with CKD (n = 129), subdivided by stages
[17] (stage 1, subgroup 3.1, n = 60; stage 2, subgroup 3.2,
n = 38; stage 3, subgroup 3.3, n = 31). eGFR was assessed
using the CKD-EPI equation that reveals serum creatinine
according to standard methods, the equipment was Cobas
Integra 400 analyzers (Roche, Switzerland),using kinetic
colorimetric method. The protein oxidative modification (POM)
was analyzed by spectrophotometry [18], the reaction with
2,4-dinitrophenylhydrazine [19]. TAC was measured using the
B-7501 Total Antioxidant Capacity test system (Vector-Best,
Russia). The result was expressed in mmol/L. In the heptane
and isopropanol phases of the lipid extract, we measured
the optical density at wavelengths of 220 nm (shows content
of isolated double bonds), 232 nm (shows content of diene
conjugates, DC), 278 nm (shows content of ketodienes and
conjugated trienes, KCT), 400 nm (shows content of Schiff
bases, SB). The relative content of lipid peroxidation products
(LPP) was expressed in units of oxidation indices (UOI): E232/
E220 (DC), E278/E220 (KCT) and E400/E220 (SB). Blood
plasma POM products were determined by the reaction of
carbonyl derivatives of proteins with 2,4-dinitrophenylhydrazine
in spontaneous and metal-dependent Fenton reaction (metal-
catalyzed oxidation, MCQ), with spectrophotometric registration
of aldehyde 2,4-dinitrophenylhydrazine (ADNPH) and ceton
2,4-dinitrophenylhydrazine (CDNPH) in the ultraviolet (uv) and
visible light (vs) parts of the spectrum with the calculation of
the reserve and adaptive potential. The result was expressed
in units of optical density per 1 mg of protein (cu/mg). For
statistical processing of the data, we used Microsoft Office
Excel (Microsoft Corporation, USA) and IBM SPSS Statistics
v. 23 (SPSS: IBM Company, USA). Quantitative data were
presented as a median (Me) with interquartile intervals (Q; Q,),
the values of the lower (25) and upper (75) quartiles,
respectively. Nonparametric Kruskal-Wallis and Mann-Whitney
tests were used for intergroup comparison of quantitative data.
Spearman's rank correlation coefficient allowed determining
the interrelationships of the indicators, and the Chaddock scale
was used to assess the strength of the connection (weak —
from 0.1 to 0.3, moderate — from 0.3 to 0.5, noticeable —
from 0.5 to 0.7, high — from 0.7 to 0.9, very high — from 0.9
to 1.0). The differences were considered statistically significant
at p < 0.05.

RESULTS

Initially, we established eGFR in the groups (Table 1). This
assessment revealed the indicator to be 17% higher in group 1
than in group 2 (be median), which is a significant difference; in
subgroup 3.1, the value was 10% lower, in subgroup 3.2 — 28%
lower, and in subgroup 3.3 — 62% lower. In addition, eGFR
was significantly lower in subgroups 3.1, 3.2, 3.3 compared to
group 2. eGFR values in patients of subgroup 3.2 significantly
differed from those registered in subgroup 3.1, and in patients
of subgroup 3.3 they were significantly differed from the values
in subgroups 3.1 and 3.2. In T1DM patients, including those
with CKD, the changes of the content of blood plasma POM
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Table 1. Estimated glomerular filtration rate in T1DM patients with CKD, mli/min/1.73 m? (lu [Q,; Q,))

Group 3 (DM+CKD)

Group 1
(n=14)

Group 2
(n=30) Subgroup 3.1

(n = 60)

p-value, with
Subgroup 3.2 p<0,05

(n=38)

Subgroup 3.3
(n=231)

105.000
[91.000; 118.000]

123.000
[120.000; 134.000]

94.000
[92.000; 126.000]

p,., < 0.001
P,.a, < 0.001
P,a, < 0.001
Pyas < 0.001
P, =0.016
P,.., < 0.001

<0.001
<0.001
<0.001
<0.001

76.000
[67.000; 78.000]

40.000
[31.000; 58.000]
pZ—GvS
p3.1—3v2
p3.1—3v3

p3.2—3v3

products were the following; specifically, in group 2, the total
concentration of such products was elevated, contributed
to by both early- and late-stage neutral and basic products.
A proportional increase in the content of POM products
in spontaneous and metal-induced modes did not lead to
significant changes in the reserve and adaptive potential.
Accordingly, blood plasma TAC in group 2 was decreasing
(Table 2).

The most pronounced changes were recorded in group 2.
In subgroups 3.1, 3.2, 3.3, the total concentration of blood
plasma POM products increased with early- and late-stage
products, neutral and basic types, both in the spontaneous
and metal-induced modes.The most significant growth of
concentration of the products was observed in subgroup 3.3,
both in spontaneous mode (Median157% compared with group 1)
and in metal-induced mode (median 143% compared with
group 1). In subgroup 3.3, the total number of POM products,
both early- and late-stage, significantly differed from the values
registered in group 2 and subgroup 3.1. Group 3.1 was also
found to have a diminished reserve and adaptive potential
in plasma. In addition, TAC in blood plasma in group 3 also
decreased: by 19% in subgroup 3.1, by 39% in subgroup 3.2,
and by 51% in subgroup 3.3.

To assess the relationship between the changes in OS
parameters and renal function — eGFR in group 3 patients —
we conducted a correlation analysis (Table 3).

In group 2, we registered a significant direct correlation with
the overall antioxidant level. A strong inversed correlation was
observed with the total amount of blood plasma POM products,
late-stage POM products in the spontaneous mode, the total
volume of POM products, as well as neutral POM products in
the metal-induced test; a very strong inversed correlation was
established for the content of neutral and basic POM products
in the spontaneous test, as well as basic POM products in
the metal-induced test. In subgroup 3.1, we found inversed
correlation with the content of late-stage POM products, and a
direct correlation with the reserve adaptive potential and TAC.
In subgroup 3.2, the correlation with TAC was also direct, but
it turned out to be inversed for the plasma levels of late-stage
POM products. In subgroup 3.3, we established an inversed
correlation with various POM products, both early- and late-
stage, as well as with neutral products. In subgroup 3.3, a
strong inversed correlation was observed with the amount of
early and late-stage POM products. Ultimately, the number
of correlations between eGFR and the plasma redox status
increases from group 2 to subgroup 3.3, which confirms the
growing importance of these correlations, group 2 (8 in total,
including 1 notable, 4 strong, and 3 very strong) to subgroup 3.1
(10 in total, including 4 notable, 1 strong, 5 very strong), to
subgroup 3.2 (10 in total, including 1 notable, 3 strong, 6 very
strong), and, maximizing, to subgroup 3.3 (11 in total, including
4 notable, 5 strong, 2 very strong).

DISCUSSION

Analysis of the level of eGFR showed that it increased in group
2. From 10 to 67% of the respective patients had higher eGFR
and hyperfiltration, with the maximum values up to 162 ml/min/
1.73 m2. Various pathogenetic factors can cause this situation,
including compensatory hypertrophy and hyperfunction of the
kidneys against the background of chronic hyperglycemia, and
the impact of inflammatory cytokines, growth factors, local
angiotensin I, imbalanced vasoactive substances regulating
blood flow at the levels of pre- and postglomerular arterioles.

Altered reabsorption of sodium, glucose, and hydrogen ions
in the proximal tubules of nephrons are important factors, too
[20-22]. Currently, intraclubular hyperfiltration is considered one
of the key mechanisms triggering the onset and progression of
diabetic nephropathy [23, 24].

Elevated levels of POM products and deteriorating TAC
in TIDM patients, including those stages 1-3 CKD, point to
the impact of OS in this group. Oxidative stress is one of the
main pathogenetic forces influencing the development of CKD
in DM patients. It appears with excessive amounts of active
oxygen forms and nitrogen derivatives in the background, and
weakening antioxidant protection [25]. The key processes
contributing to the formation of active forms include activation
of various NADPH oxidase isoforms (NOX1-NOX5, DUOX1 and
DUOX2) in the immune system cells, as well as various forms of
NO synthase (NOS) and other enzymes. In DM patients, blood
sugar levels are rising constantly, and the immune cells and the
related processes are activated, which translates into formation
of excessive amounts of glycated compounds that trigger
intracellular signaling pathways such as phosphoinositide-3-
kinase and nuclear factor kappa B, which, in turn, aggravate
the inflammatory processes. As a result, vascular walls
and metabolic shunts are damaged, and the DM becomes
exacerbated, since chronic inflammation is an important factor
contributing to complications, such as diabetic nephropathy.

The growing level of glycated compounds in the blood
contributes to the accumulation of toxic metabolites, which
also exacerbates OS and damages cells and tissues.
Moreover, activation of the nuclear factor kappa B boosts
production of pro-inflammatory cytokines such as TNFa and
IL6. These molecules play a key role in the development of DM
complications, intensifying pain, impairing organ functions, and
causing other systemic disorders.

To minimize the risks, it is important to control blood glucose
level, since it affects the metabolic state and also suffocates
the inflammatory processes, which eventually translates into
slower development of DM complications [26].

It was previously noted that DM boosts the activity of
NADPH oxidase isoenzymes, especially NOX4 and NOX5,
while the activity of antioxidant enzymes slows down; these
effects are associated with hyperglycemia. Activating NADPH
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Table 2. Blood plasma POM and TAC indicators, T1DM patients with CKD (Me [Q,; Q,])

Group 3

Group 2
(n=30) Subgroup 3.1 Subgroup 3.2 Subgroup 3.3
(n=60) (n=238) (n=31)

Indicators Group 1 p-value, with p < 0,05

P, =0.002
Dy, = 0.044
Py, < 0.001
P, < 0.001
P, 55 = 0.009
=0.001
=0.012

S POM 5.956 8.443 8.561 9.500 15.319
cu/mg of protein [5.286; 7.744] [7.330; 14.752] [5.762; 14.639] [8.307; 16.915] [13.323; 33.675]

Ps1as
Psoss

p,_, =0.002
Py, =0.044
Py, < 0.001
P55 < 0.001
Py, =0.012
P15 = 0.002
Ps45 = 0.016

p,, =0.001
Py, < 0.001
Py, < 0.001
P55 < 0.001
P,.5, = 0.003
P15 = 0.001
P45 = 0-002

S ADNPH, cu/mg 5.735 8.069 8.205 9.124 13.755
protein [5.088; 7.361] [7.016; 14.003] [5.483; 14.078] [7.967; 16.124] [12.626; 31.956]

S KDNPH, cu/mg 0.220 0.374 0.431 0.465 1.031
protein [0.198; 0.296] [0.314; 0.749)] [0.297; 0.561] [0.372; 0.741] [0.564; 1.649]

p,., =0.002
Py, = 0.044

5.862 8.291 8.396 9.346 15.064 Prg < 0.001

[5.199; 7.574] [7.187; 14.423)] [5.656; 14.393] [8.162; 16.537] [12.994; 32.893] Prg5 < 0.001
P, = 0.008

=0.001
=0.012

S uv, cu/mg protein

P33
Pso33

p,., < 0.001
Pys, = 0.009

0.087 0.152 0.167 0.243 0.388 P4, <0.001

0.082; 0.122] [0.143; 0.329] [0.106; 0.246] [0.146; 0.378] [0.298; 0.782] Prg < 0.001
Py, = 0.002

Py, =0.001
Py, =0.009

p,_, <0.001
Py, =0.002

S POM, metal-induced 9.660 14.303 14.225 15.155 23.498 Prg, < 0.001

mode, cu/mg protein 9.240; 12.865] [11.269; 24.749] [12.550; 21.752] [13.222; 28.696] [18.848; 57.269] gm < 8'383
233

Py155 = 0.050
Pyz5 = 0.009

p,, =0.001
Py, = 0.002
Py, = 0.001
P55 < 0.000
P55 = 0.002
P15 = 0.007
P45 = 0-009

p,_, = 0.001
- P4, = 0.001
incused mods, oum 1,004 1868 1.722 2050 3175 P21 <000!
rotein ’ 9 [0.974; 1.556] [1.267; 3.414] [1.507; 2.309] [1.592; 3.812] [2.049; 7.895] P55 < 0.001
P P,.q5 =0.002
P15 = 0.044

S vl, cu/mg protein

S ADNPH, metal-
induced mode
cu/mg of protein

8.481 12.435 12.503 13.087 20.323
[8.235; 11.308] [10.002; 21.855] [11.029; 19.443] [11.243; 24.884] [16.572; 49.375]

p,., = 0.001
Py, = 0.002
Py < 0.001
Py, < 0.001
P, 54 = 0.002
=0.040
=0.044

S uv, metal-induced 8.740 12.803 12.788 13.556 21.012
mode, cu/mg protein [8.441; 11.618] [10.252; 22.393] [11.328; 19.872] [11.708; 25.301] [16.878; 51.153]

Psia3
Pssss

p,., < 0.001
Py, = 0.002
<0.001
<0.001
=0.002
=0.044

S vl, metal-induced 0.803 1.500 1.440 1.599 2.486
mode, cu/mg protein [0.788; 1.247] [1.017; 2.668] [1.222; 1.883] [1.154; 3.395] [1.687; 6.116]

Piss
Piss
Poss
P13

39.715 37.413 36.030 37.454 41.199

0
RAF, % [36.706; 44.284] [34.960; 42.280] [35.385; 37.722] [33.686; 41.064] [35.385; 44.320]

Py, = 0.021

p,.,=0.021
Py, = 0.004

1.800 1.610 1.145 1.100 0.890 Prg < 0.001

[1.610; 1.960] [1.470; 1.680] [0.980; 1.670] [0.780; 1.410] [0.800; 1.100] Prg5 < 0.001
P, = 0.004

=0.002
=0.019

TAC, mmol/L

Poss
Ps133

Note: the table gives total (S) POM products content values, spontaneous and metal-induced modes; ADNPH — aldehyde-dinitrophenylhydrozone; KDNPH — ketone-
dinitrophenylhydrozone; S uv — the level of carbonyl derivatives measured in the UV spectrum; S vl — the level of carbonyl derivatives measured in the visible light
spectrum; RAP — reserve adaptive potential.
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Table 3. Correlation between eGFR (ml/min/1.73 m?) and POM, LPP, and TAC, T1DM patients with CKD

Group 3
Indi Group 2
ndicators (n = 30) Subgroup 3.1 Subgroup 3.2 Subgroup 3.3
(n=160) (n=38) (n=231)
) R=-0.75 R=-0.99 R=-0.99 R=-0.67
S POM, cu/mg protein p=0.002 p < 0.001 p < 0.001 p=0.008
. R=-0.52 R=-0.98 R=-0.99 R=-0.67
S ADNPH, cu/mg protein p=0.057 p < 0.001 p < 0.001 p=0.008
. R=-0.83 R=-0.62 R=-0.74 R=-0.63
S KDNPH, cu/mg protein p<0.001 p=0018 p=0.002 p=0016
S uv. cu/ma brotein R=-0.91 R=-0.98 R=-0.99 R=-0.60
s gp p < 0.001 p<0.001 p < 0.001 p=0.023
Sl cu/mg protein R=-0.91 R=-0.97 R=-0.68 R=-0.91
, g p p < 0.001 p<0.001 p=0.007 p<0.001
S POM, metal-induced R=-0.83 R=-0.62 R=-0.97 R=-0.77
mode, cu/mg protein p < 0.001 p=0.018 p < 0.001 p < 0.001
S ADNPH, metal-induced R=-0.46 R=-0.62 R=-0.97 R=-0.76
mode, cu/mg protein p=0.102 p=0.018 p < 0.001 p < 0.001
S KDNPH, metal-induced R=-0.53 R=-0.58 R=-0.84 R=-0.72
mode, cu/mg protein p=0.050 p=0.028 p < 0.001 p =0.004
S uv, metal-induced mode, R=-0.89 R=-0.62 R=-0.97 R=-0.76
cu/mg protein p < 0.001 p=0.018 p < 0.001 p < 0.001
S vl, metal-induced mode, R=-0.92 R=-0.52 R=-0.89 R=-0.76
cu/mg protein p < 0.001 p=0.055 p < 0.001 p < 0.001
R=-0.04 R=0.75 R=-0.21 R=-0.22
0
RAP. % p=0.903 p=0.002 p=0.462 p=0.458
R=0.68 R=0.93 R=0.58 R=0.98
TAC, mmol/L p=0.007 p < 0.000 p=0.030 p < 0.000

Note: the table gives the Spearman's rank correlation coefficient (R) values; the statistically significant connections are highlighted in bold (o < 0.05).

oxidase, angiotensin Il plays a key role in the development
of OS associated with diabetic nephropathy. Mitochondrial
dysfunction with increased activity of complex-I and increased
production of reactive oxygen species (ROS) also contribute to
the onset and aggravation of diabetic nephropathy, but not as
significantly as NADPH oxidase [15, 27, 28].

Oxidative stress and mitochondrial dysfunction mutually
reinforce each other in the pathogenesis of the disease. Against
the background of hyperglycemia, the activity of cytochrome
P450, especially CYP4A, grows, which boosts the synthesis
of the NADPH oxidase activator, 20-hydroxyeicosatetraenoic
acid. In preclinical studies, it was established that a drip in the
expression of Nrf2 has a significant impact on the overall level
of antioxidant activity in patients with T1DM and signs of CKD
[15]. The positive effect of various antioxidants confirms the
weight of OS in the pathogenesis of renal pathology [26, 30].
High levels of ROS and nitrogen damage cellular structures
and DNA, causing endothelial dysfunction, inflammation, and
fibrosis [24, 31]. The need to assess the progression of CKD
and the associated risks substantiates the search for specific
biomarkers enabling diabetic nephropathy diagnosing and
monitoring.

Given that OS is a significant factor in the development of
renal failure in DM cases, clinicians seek to tally the excessive
amounts of reactive species of oxygen and nitrogen, as well as
their metabolites, through laboratory tests of biological fluids.
Both of the said species decompose quickly, so their detection
is complicated, which adds to the importance of methods
designed for identification of the products of oxidative damage,
such as lipids, proteins, and nucleic acids [15].

The known markers of OS are malonic dialdehyde,
thiobarbituric acid, and glycation end products, as well as
4-hydroxynonenal and 8-deoxyguanosine. Gaging the levels of
endogenous intoxication in T1DM patients at various stages of
albuminuria can help identify early biomarkers of primary kidney

damage [24, 32]. The levels of conjugated dienes, ketodienes,
and trienes, as well as medium-molecular peptides, can be
increased as early as at the A1 stage of CKD 1-3.

In recent years, researchers have grown more interested in
studying OS and its role in the pathogenesis of various diseases,
including CKD. In this work, we observed pronounced changes
in the concentration of POM products in T1DM patients without
CKD. This is consistent with the data reported by other authors,
who also note that OS may be a significant factor contributing to
the progression of diabetic nephropathy [33]. In T1DM patients
with stages 1-3 CKD, we registered growth of the total blood
plasma POM products concentration, which was detected in
both spontaneous and metal-induced tests, in line with the
reports emphasizing the role of OS in boosting the progression
of CKD [34]. The most significant increase in the concentration
of POM products was identified in T1DM patients with stage
3 CKD, which may indicate more pronounced disorders in the
antioxidant system and a higher level of OS in this group. Other
researchers received similar results [35]. In addition, it was
found that patients at later stages of CKD exhibit significantly
elevated levels of OS markers compared with patients at early
stages of the disease, which underscores the need to monitor
OS as a potential prognostic marker enabling assessment of
the severity of the disease and the risk of CKD progression.
Given that OS can add to the damage of cells and tissues,
its monitoring can be an important tool in clinical practice that
allows timely identification of patients at risk [35, 36].

We have also found that the reserve and adaptive potential
of blood plasma was significantly reduced in the stage 1 CKD
subgroup. This fact confirms that even at the early stages
of the disease, plasma's functional state changes, which
may indicate the need for more careful monitoring and early
intervention seeking to prevent the progression of the disease.
In addition, the analysis of plasma TAC level in patients at
various stages of CKD showed a significant decrease thereof:
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in the stage 1 CKD subgroup, it dropped by 19%, in the stage 2
CKD subgroup — by 39%, and in the stage 3 CKD subgroup —
by 51%. These data emphasize the importance of assessing
the antioxidant status of CKD patients, since a decreasing
TAC may signal growth of the OS level and overall health
deterioration. It is important to remember that early diagnosing
and adequate treatment can significantly affect the quality of
life of such patients and the respective prognoses. According
to our data, T1DM patients without CKD have a significant
direct correlation with the overall level of antioxidants. This
may mean that in these cases, antioxidants play an important
role in protecting cells from OS, which is common against the
background of DM. There are studies that stress the critical
importance of maintaining high levels of antioxidants in the
matter of prevention of DM-related complications [33]. The
strong inversed connection with the total amount of blood
plasma POM products, especially late-stage, is another
described phenomenon. This may indicate that an increase in
the level of oxidative products is associated with a deterioration
of the antioxidant status. According to some data, OS can
hamper antioxidant activity [37], which is consistent with our
observations. We have also registered different correlation
patterns in T1DM patients at different stages of CKD. In T1DM
and stage 1 CKD cases, the correlation with late-stage POM
products was inversed, that with reserve adaptive potential and
antioxidant status — direct. This may point to the persisting
possibility of adaptation of the antioxidant system at the
early stages of CKD. In T1IDM and stage 2 CKD cases, the
correlation with antioxidant status was direct, that with late-
stage POM products — inversed. This may mean that as the
disease progresses, the antioxidant system begins to weaken.
In TIDM and stage 3 CKD cases, the correlation with both
early- and late-stage POM products was inversed. The strong
inversed correlation with the amount of early- and late-stage
POM products may indicate a significant deterioration in the OS
and antioxidant response at this stage. It was previously shown
that the progression of CKD is associated with a growing OS
and diminishing antioxidant activity [38], which is consistent

References

1. Saharnyj diabet 2 tipa u vzroslyh: Klinicheskie rekomendacii.
Rubrikator klinicheskih rekomendacij. 2022 [data dostupa: 2025 janvar'
26]. Dostupna po ssylke: https://cr.minzdrav.gov.ru/schema/290_2.

2. Dedov ll, Shestakova MV, Vikulova OK, Zheleznjakova AV,
Isakov MA, Sazonova DV, i dr. Saharnyj diabet v Rossijskoj
Federacii: dinamika jepidemiologicheskih pokazatelej po dannym
Federal'nogo registra saharogo diabeta za period 2010-2022 gg. Sahamyj
diabet. 2023; 26 (2): 104-23. DOI:10.14341/DM13035. Russian.

3. Radia M.M.K. From pre-diabetes to diabetes: Diagnosis, treatments
and translational research. Medicina (Kaunas). 2019; 55 (9): 546.
DOI:10.3390/medicina55090546.

4. Kidney Disease: Improving Global Outcomes (KDIGO) Diabetes
Work Group. KDIGO 2022 Clinical Practice Guideline for Diabetes
Management in Chronic Kidney Disease. Kidney Int. 2022; 102
(56S): S1-S127. DOI: 10.1016/j.kint.2022.06.008.

5. Vikulova OK, Effimova AR, Zheleznjakova AV, Isakov MA, Shamhalova MSh,
Shestakova MV, i dr. Kal'kuljator riska razvitija hronicheskoj
bolezni pochek: novye vozmozhnosti prognozirovanija patologii u
pacientov s saharnym diabetom. Consilium Medicum. 2022; 24
(4): 224-33. DOI:10.26442/20751753.2022.4.201684. Russian.

6. Dedov I, Shestakova MV, Vikulova OK, Zheleznjakova AV, Isakov MA.
Jepidemiologicheskie harakteristiki saharnogo diabeta v
Rossijskoj Federacii: kliniko-statisticheskij analiz po dannym
registra saharnogo diabeta na 01.01.2021. Saharnyj diabet.

BECTHUK PIMY | 1, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.011

OPUIMMHAJIBHOE NCCJIEQOBAHUNE | NMATO®U3NOIONMA

with our data on the correlation between the stages of CKD
and the levels of oxidative products. Other authors also confirm
that patients with DM and CKD have a significantly lower
antioxidant status, which is associated with a deteriorating
kidney function and a growing level of oxidative markers [39].

A comprehensive study of these indicators in T1DM patients
with early stages 1-3 CKD, as well as correlation analysis, allow
considering them as promising biomarkers of OS in the context
of progressive diabetic nephropathy [40, 41].

CONCLUSIONS

This study has shown that TIDM patients with early CKD
have growing blood plasma levels of primary and secondary
LPP products (in heptane and isopropanal lipid extract), as well
as early- and late-stage neutral and basic POM products in
spontaneous and metal-induced modes, and the plasma TAC
decreases. In TIDM cases with concomitant early-stage CKD,
the severity of OS progresses, maximizing at stage 3. Dropping
GFR, an integral indicator of kidney function, in T1DM patients
with early-stage CKD is accompanied by a growing amount of
products of LPP (secondary products in isopropanol extract of
lipids, early- and late-stage neutral and basic POM products in
spontaneous and metal-induced modes) and POM. In parallel,
we observed a decreasing blood plasma TAC. The resulting
data suggest that blood plasma POM products and TAC can
be easily measured and informative indicators of progression of
CKD at initial stages in TIDM patients. Studying the respective
interaction may help design new anti-inflammatory strategies that
can slow the progression of CKD. The development of algorithms
for predicting the risk of CKD based on early OS markers will be
an important step towards successful prevention. The results of
this study expand the knowledge about the impact of OS on
CKD in T1DM cases. They also refine the current understanding
of the role of OS in the pathogenesis of CKD in T1DM patients
and support further research, modernization of diagnostic
and prognostic criteria, and improvement of preventive and
therapeutic measures for such patients.

2021; 24 (3): 204-2. DOI: 10.14341/DM12759. Russian

7. Perkins BA, Bebu |, de Boer IH, Molitch M, Tamborane W, Lorenzi G,
et al. Risk Factors for Kidney Disease in Type 1 Diabetes.
Diabetes Care. 2019; 42 (5): 883-90. Available from:
https://doi.org/10.2337/dc18-2062.

8. Patidar K, Deng JH, Mitchell CS, Ford Versypt AN. Cross-Domain Text
Mining of Pathophysiological Processes Associated with Diabetic Kidney
Disease. Int J Mol Sci. 2024; 25 (8): 4503. DOI: 10.3390/ijms25084503.

9. Shutov AM. Hronicheskaja bolezn' pochek. Obshherossijskaja
obshhestvennaja organizacija «Rossijskoe nauchnoe medicinskoe
obshhestvo terapevtov» [Jelektronnyj resurs]. 2022 [data dostupa:
2025 janvar' 26]. Dostupno po ssylke: https://www.rnmot.ru/
public/uploads/RNMOT/clinical/2022/Shutov_MR%20HBP %20
dlja%20terapevtov.pdf. Russian.

70. Tsuchida-Nishiwaki M, Uchida HA, Takeuchi H, Nishiwaki N,
Maeshima Y, Saito C, et al. Association of blood pressure and
renal outcome in patients with chronic kidney disease; a post hoc
analysis of FROM-J study. Sci Rep. 2021; 11 (1): 14990. DOI:
10.1038/541598-021-94467-z.

11. Varkevisser RDM, Mul D, Aanstoot HJ, Wolffenbuttel BHR,
van der Klauw MM. Differences in lipid and blood pressure
measurements between individuals with type 1 diabetes and the
general population: a cross-sectional study. BMJ Open. 2023; 13
(10): 073690. DOI: 10.1136/bmjopen-2023-073690.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

ORIGINAL RESEARCH | PATHOPHYSIOLOGY

Eckardt KU, Delgado C, Heerspink HJL, Pecaits-Filho R, Ricardo AC.,
Stengel B, et al. Trends and perspectives for improving quality
of chronic kidney disease care: conclusions from a Kidney Disease:
Improving Global Outcomes (KDIGO) Controversies Conference.
Kidney Int. 2023; 104 (5): 888-903 DOI: 10.1016/}.kint.2023.05.013.
Siligato R, Gembillo G, Cernaro V, Torre F, Salvo A, Granese R,
et al. Maternal and Fetal Outcomes of Pregnancy in Nephrotic
Syndrome Due to Primary Glomerulonephritis. Front Med
(Lausanne). 2020; 7: 563094. DOI: 10.3389/fmed.2020.563094.
Vlyas DA, Eisenstein LG, Jones DS. Hidden in Plain Sight —
Reconsidering the Use of Race Correction in Clinical Algorithms. N
Engl J Med. 2020; 383 (9): 874-82. DOI: 10.1056/NEJMms2004740.
Jha R, Lopez-Trevino S, Kankanamalage HR, Jha JC. Diabetes
and Renal Complications: An Overview on Pathophysiology,
Biomarkers and Therapeutic Interventions. Biomedicines. 2024;
12 (5): 1098. DOI: 10.3390/biomedicines12051098.

Saharnyj diabet 1 tipa u vzroslyh: Kklinicheskie rekomendacii.
Rubrikator klinicheskih rekomendacij. 2022 [data dostupa: 2025
janvar' 26]. Dostupno po ssylke: https://cr.minzdrav.gov.ru/
schema/286_2. Russian.

Hronicheskaja bolezn' pochek (HBP): klinicheskie rekomendacii.
Rubrikator klinicheskih rekomendacij. 2021 [data dostupa: 2025
janvar' 26]. Dostupno po ssylke: https://cr.minzdrav.gov.ru/
schema/469_2. Russian.

Wallander M, Axelsson KF, Nilsson AG, Lundh D, Lorentzon M.
Type 2 Diabetes and Risk of Hip Fractures and Non-Skeletal Fall
Injuries in the Elderly: A Study From the Fractures and Fall Injuries
in the Elderly Cohort (FRAILCO). J Bone Miner Res. 2017; 32 (3):
449-60. Available from: https://doi.org/10.1002/jbmr.3002.
Fomina MA, Wallander M, Axelsson KF, Nilsson AG, Lundh D,
Lorentzon M. Type 2 Diabetes and Risk of Hip Fractures and Non-
Skeletal Fall Injuries in the Elderly: A Study From the Fractures and
Fall Injuries in the Elderly Cohort (FRAILCO). J Bone Miner Res.
2017; 32 (3): 449-60. DOI: 10.1002/jbmr.3002.

Tonneijck L, Muskiet MH, Smits MM, van Bommel EJ, Heerspink HJ,
van Raalte DH, Joles JA. Glomerular Hyperfiltration in Diabetes:
Mechanisms, Clinical Significance, and Treatment. J Am Soc
Nephrol. 2017; 28 (4): 1023-39. DOI: 10.1681/ASN.2016060666.
Kanbay M, Copur S, Guldan M, Ozbek L, Hatipoglu A, Covic A,
Mallamaci F, Zoccali C. Proximal tubule hypertrophy and
hyperfunction: a novel pathophysiological feature in disease states.
Clin Kidney J. 2024; 17 (7): 195. DOI: 10.1093/ckj/sfae195.

Jin L, Wang X, Liu Y, Xiang Q, Huang R. High levels of blood
glycemic indicators are associated with chronic kidney disease
prevalence in non-diabetic adults: Cross-sectional data from the
national health and nutrition examination survey 2005-2016. J Clin
Transl Endocrinal. 2024; 36: 100347. DOI: 10.1016/].jcte.2024.100347.
Kanbay M, Copur S, Bakir CN, Covic A, Ortiz A, Tuttle KR.
Glomerular hyperfiltration as a therapeutic target for CKD. Nephrol
Dial Transplant. 2024; 39 (8): 1228-38. DOI: 10.1093/ndt/gfae027.
Jung CY, Yoo TH. Pathophysiologic Mechanisms and Potential
Biomarkers in Diabetic Kidney Disease. Diabetes Metab J. 2022;
46 (2): 181-97. DOI: 10.4093/dmj.2021.0329.

Hassan HA, Ahmed HS, Hassan DF. Free radicals and oxidative
stress: Mechanisms and therapeutic targets: Review article. Hum
Antibodies. 2024; 3. DOI: 10.3233/HAB-240011.

JNutepatypa

1.

CaxapHbll gnabetT 2 Tuna Yy B3POCAbIX: KAWHUYECKME
pekoMeHpaumn. PybprkaTop KAMHUYECKUX PEKOMEHAALMN.
2022 [pata gocTtyna: 2025 aHBapb 26]. [locTynHa no ccbinke:
https://cr.minzdrav.gov.ru/schema/290_2.

Lenos . U., LLlectakosa M. B., Bukynosa O. K., KenesHskosa A. B.,
VcakoB M. A., CasoHosa [. B., n gp. CaxapHbii gnabet B
Poccuiickon ®depepauunn:  guHaMMKa  3NMAEMUONOTNHECKIX
nokasarenen no faHHbiM PefepanbHOro pernctpa caxapHoro
ovabeta 3a nepwopg 2010-2022 rr. CaxapHbln grabet. 2023; 26
(2): 104-23. DOI:10.14341/DM13035.

Radia M.M.K. From pre-diabetes to diabetes: Diagnosis, treatments
and translational research. Medicina (Kaunas). 2019; 55 (9): 546.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

6.

Wang N, Zhang C. Oxidative Stress: A Culprit in the Progression
of Diabetic Kidney Disease. Antioxidants (Basel). 2024; 13 (4):
455. DOI: 10.3390/antiox13040455.

Krol-Kulikowska M, Banasik M, Kepinska M. The Effect of
Selected Nitric Oxide Synthase Polymorphisms on the Risk of
Developing Diabetic Nephropathy. Antioxidants (Basel). 2024;
13(7): 838. DOI:10.3390/antiox13070838.

Wang H, Ba Y, Xing Q, Du JL. Diabetes mellitus and the risk of
fractures at specific sites: a meta-analysis. BMJ Open. 2019; 9
(1): 024067. DOI: 10.1136/bmjopen-2018-024067.

Zhao DM, Zhong R, Wang XT, Yan ZH. Mitochondrial dysfunction
in diabetic nephropathy: insights and therapeutic avenues from
traditional Chinese medicine. Front Endocrinol (Lausanne). 2024;
15:1429420. DOI: 10.3389/fendo.2024.1429420.

Mazzieri A, Porcellati F, Timio F, Reboldi G. Molecular Targets
of Novel Therapeutics for Diabetic Kidney Disease: A New Era
of Nephroprotection. Int J Mol Sci. 2024; 25 (7): 3969. DOI:
10.3390/ijms25073969.

Lin W, Shen P, Song Y, Huang Y, Tu S. Reactive Oxygen
Species in Autoimmune Cells: Function, Differentiation, and
Metabolism. Front Immunol. 2021; 12: 635021. Available from:
https://doi.org/10.3389/fimmu.2021.635021.

Vodosek Hojs N, Bevc S, Ekart R, Hojs R. Oxidative Stress
Markers in Chronic Kidney Disease with Emphasis on Diabetic
Nephropathy. Antioxidants (Basel). 2020; 9 (10): 925. Available
from: https://doi.org/10.3390/antiox9100925.

Zhang P, Li T, Wu X, Nice EC, Huang C, Zhang Y. Oxidative stress
and diabetes: antioxidative strategies. Front Med. 2020; 14 (5):
583-600. DOI: 10.1007/s11684-019-0729-1.

Daenen K, Andries A, Mekahli D, et al. Okislitel'nyj stress pri
hronicheskoj bolezni pochek. Pediatr Nephrol. 2019; 34: 975-91.
Available from: https://doi.org/10.1007/s00467-018-4005-4.
Smith A, et al. Molecular mechanisms of oxidative stress in
pathologies. Journal of Molecular Biology. 2022; 20 (3).

Johnson B, et al. Therapeutic approaches targeting antioxidant
imbalance. Medical Research Reviews. 2023; 25 (1).

Cejlikman V. E. O vlijanii okislitel'nogo stressa na organizm cheloveka.
Mezhdunarodnyj nauchnyj zhurnal. 2022; 3 (117). Dostupno po
ssylke: https://research-journal.org/archive/3-117-2022-march/
vliyanie-okislitelnogo-stressa-na-organizm-cheloveka (data
obrashhenija: 16.02.2025). DOI: 10.23670/IRJ.2022.117.3.037.

Lju Dzh, Chen S, Bisvas S, Nagrani N, Chu Ju, Chakrabarti S, i
dr. Okislitel'nyj stress, vyzvannyj gliukozoj, i uskorennoe starenie
jendotelial'nyh kletok oposredovany istoshheniem mitohondrial'nyh
SIRTs. Physiol. Rep. 2020; 8: €14331. DOI: 10.14814/phy2.143312020.
Wang C, et al. Reactive oxygen species and their role in cellular
signaling. Nature Reviews Molecular Cell Biology. 2021; 18 (5).
Walle M, Whittier DE, Frost M, Muller R, Collins CJ. Meta-analysis
of Diabetes Mellitus-Associated Differences in Bone Structure
Assessed by High-Resolution Peripheral Quantitative Computed
Tomography. Curr Osteoporos Rep. 2022; 20 (6): 398-409. DOI:
10.1007/s11914-022-00755-6.

Darenskaya M, Kolesnikov S, Semenova N, Kolesnikova L.
Diabetic Nephropathy: Significance of Determining Oxidative
Stress and Opportunities for Antioxidant Therapies. Int J Mol Sci.
2023; 24 (15): 12378. DOI: 10.3390/ijms241512378.

DOI:10.3390/medicina55090546.

Kidney Disease: Improving Global Outcomes (KDIGO) Diabetes
Work Group. KDIGO 2022 Clinical Practice Guideline for Diabetes
Management in Chronic Kidney Disease. Kidney Int. 2022; 102
(6S): S1-5127. DOI: 10.1016/j.kint.2022.06.008.

Bukynoea O. K., Endommvosa A. P, »KenesHsikosa A. B., Vicakos M. A,
LLlamxanosa M. LLI., LLlecTakosa M. B., 1 gp. Kanbkynatop pucka
pPasBUTUS XPOHNHECKOM BONE3HN MOYEK: HOBbIE BO3MOXKHOCTM
MPOrHO3MPOBaHNA MaToONOrUN Yy MaLMEHTOB C  CaxapHbiM
onabetom. Consilium Medicum. 2022; 24 (4): 224-33. DO
10.26442/20751753.2022.4.201684.

Lenos . V1., LLlectaxkosa M. B., Bukynosa O. K., XKeneansikosa A. B,

BULLETIN OF RSMU | 1, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.011



OPUIMMHAJIBHOE NCCJIEQOBAHUNE | NMATO®U3NOIONMA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

BECTHUK PIMY | 1, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.011

VcakoB M. A. SnnaeMmnonorny4eckme xapakTepucTVKu caxapHoro
nvabeta B Poccuiickon ®egepaummt: KIMHUKO-CTATUCTUHECKIIA
aHan3 no AaHHbIM perucTpa caxapHoro avadeta Ha 01.01.2021.
CaxapHbii anabet. 2021; 24 (3): 204-2. DOI: 10.14341/DM12759.
Perkins BA, Bebu |, de Boer IH, Molitch M, Tamborlane W, Lorenzi G,
et al. Risk Factors for Kidney Disease in Type 1 Diabetes.
Diabetes Care. 2019; 42 (5): 883-90. Available from:
https://doi.org/10.2337/dc18-2062.

Patidar K, Deng JH, Mitchell CS, Ford Versypt AN. Cross-Domain
Text Mining of Pathophysiological Processes Associated with
Diabetic Kidney Disease. Int J Mol Sci. 2024; 25 (8): 4503. DOI:
10.3390/ijms25084503.

LLlytoB A. M. XpoHuyeckas 6onesHb novek. ObLiepoccuiickas
06LLecTBeHHas opraHM3aLst «PoccunCKoe HayYHOe MeaULIMHCKOe
00LLIEeCTBO TepaneBToB» [ONeKTPOHHbI pecypc]. 2022 [pata
noctyna: 2025 aHBapb 26]. [JocTynHo no ccbinke: https://www.
rnmot.ru/public/uploads/RNMOT/clinical/2022/LLlytoB_MP%20
XBlM%20819%20TepanesTos.pdf.

Tsuchida-Nishiwaki M, Uchida HA, Takeuchi H, Nishiwaki N,
Maeshima Y, Saito C, et al. Association of blood pressure and
renal outcome in patients with chronic kidney disease; a post hoc
analysis of FROM-J study. Sci Rep. 2021; 11 (1): 14990. DOI:
10.1038/541598-021-94467-z.

Varkevisser RDM, Mul D, Aanstoot HJ, Wolffenbuttel BHR,
van der Klauw MM. Differences in lipid and blood pressure
measurements between individuals with type 1 diabetes and the
general population: a cross-sectional study. BMJ Open. 2023; 13
(10): 073690. DOI: 10.1136/bmjopen-2023-073690.

Eckardt KU, Delgado C, Heerspink HJL, Pecoits-Filho R, Ricardo AC.,
Stengel B, et al. Trends and perspectives for improving quality
of chronic kidney disease care: conclusions from a Kidney Disease:
Improving Global Outcomes (KDIGO) Controversies Conference.
Kidney Int. 2023; 104 (5): 888-903 DOI: 10.1016/j.kint.2023.05.013.
Siligato R, Gembillo G, Cernaro V, Torre F, Salvo A, Granese R,
et al. Maternal and Fetal Outcomes of Pregnancy in Nephrotic
Syndrome Due to Primary Glomerulonephritis. Front Med
(Lausanne). 2020; 7: 563094. DOI: 10.3389/fmed.2020.563094.
Vlyas DA, Eisenstein LG, Jones DS. Hidden in Plain Sight —
Reconsidering the Use of Race Correction in Clinical Algorithms. N
Engl J Med. 2020; 383 (9): 874-82. DOI: 10.1056/NEJMms2004740.
Jha R, Lopez-Trevino S, Kankanamalage HR, Jha JC. Diabetes
and Renal Complications: An Overview on Pathophysiology,
Biomarkers and Therapeutic Interventions. Biomedicines. 2024;
12 (5): 1098. DOI: 10.3390/biomedicines12051098.

CaxapHbii ApabeT 1 Tvna y B3POCbIX: KIMHUYECKIE PEKOMEROALIN.
PybpukaTop KIMHMYECKNX pekomeHaaumin. 2022 [gaTta gocTtyna:
2025 aHBapb 26]. LocTynHo no cebinke: https://cr.minzdrav.gov.
ru/schema/286_2.

XpoHndeckas 6onesHb nodek (XBIT): KnMHUYecKkre pekoMeHaaLmn.
PybpukaTop KIMHMYECKNX pekomeHaaumii. 2021 [gaTta goctyna:
2025 aHBapb 26]. LocTynHo no cebifke: https://cr.minzdrav.gov.
ru/schema/469_2.

Wallander M, Axelsson KF, Nilsson AG, Lundh D, Lorentzon M.
Type 2 Diabetes and Risk of Hip Fractures and Non-Skeletal Fall
Injuries in the Elderly: A Study From the Fractures and Fall Injuries
in the Elderly Cohort (FRAILCO). J Bone Miner Res. 2017; 32 (3):
449-60. Available from: https://doi.org/10.1002/jbmr.3002.
Fomina MA, Wallander M, Axelsson KF, Nilsson AG, Lundh D,
Lorentzon M. Type 2 Diabetes and Risk of Hip Fractures and Non-
Skeletal Fall Injuries in the Elderly: A Study From the Fractures and
Fall Injuries in the Elderly Cohort (FRAILCO). J Bone Miner Res.
2017; 32 (3): 449-60. DOI: 10.1002/jbmr.3002.

Tonneijck L, Muskiet MH, Smits MM, van Bommel EJ, Heerspink HJ,
van Raalte DH, Joles JA. Glomerular Hyperfiltration in Diabetes:
Mechanisms, Clinical Significance, and Treatment. J Am Soc
Nephrol. 2017; 28 (4): 1023-39. DOI: 10.1681/ASN.2016060666.
Kanbay M, Copur S, Guldan M, Ozbek L, Hatipoglu A, Covic A,
Mallamaci F, Zoccali C. Proximal tubule hypertrophy and
hyperfunction: a novel pathophysiological feature in disease states.
Clin Kidney J. 2024; 17 (7): 195. DOI: 10.1093/ckj/sfae195.

Jin L, Wang X, Liu Y, Xiang Q, Huang R. High levels of blood

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

glycemic indicators are associated with chronic kidney disease
prevalence in non-diabetic adults: Cross-sectional data from the
national health and nutrition examination survey 2005-2016. J Clin
Transl Endocrinal. 2024; 36: 100347. DOI: 10.1016/].jcte.2024.100347.
Kanbay M, Copur S, Bakir CN, Covic A, Ortiz A, Tuttle KR.
Glomerular hyperfiltration as a therapeutic target for CKD. Nephrol
Dial Transplant. 2024; 39 (8): 1228-38. DOI: 10.1093/ndt/gfae027.
Jung CY, Yoo TH. Pathophysiologic Mechanisms and Potential
Biomarkers in Diabetic Kidney Disease. Diabetes Metab J. 2022;
46 (2): 181-97. DOI: 10.4093/dmj.2021.0329.

Hassan HA, Ahmed HS, Hassan DF. Free radicals and oxidative
stress: Mechanisms and therapeutic targets: Review article. Hum
Antibodies. 2024; 3. DOI: 10.3233/HAB-240011.

Wang N, Zhang C. Oxidative Stress: A Culprit in the Progression
of Diabetic Kidney Disease. Antioxidants (Basel). 2024; 13 (4):
455. DOI: 10.3390/antiox13040455.

Kroél-Kulikowska M, Banasik M, Kepinska M. The Effect of
Selected Nitric Oxide Synthase Polymorphisms on the Risk of
Developing Diabetic Nephropathy. Antioxidants (Basel). 2024;
13(7): 838. DOI:10.3390/antiox13070838.

Wang H, Ba Y, Xing Q, Du JL. Diabetes mellitus and the risk of
fractures at specific sites: a meta-analysis. BMJ Open. 2019; 9
(1): 024067. DOI: 10.1136/bmjopen-2018-024067.

Zhao DM, Zhong R, Wang XT, Yan ZH. Mitochondrial dysfunction
in diabetic nephropathy: insights and therapeutic avenues from
traditional Chinese medicine. Front Endocrinol (Lausanne). 2024;
15:1429420. DOI: 10.3389/fendo.2024.1429420.

Mazzieri A, Porcellati F, Timio F, Reboldi G. Molecular Targets
of Novel Therapeutics for Diabetic Kidney Disease: A New Era
of Nephroprotection. Int J Mol Sci. 2024; 25 (7): 3969. DOI:
10.3390/ijms25073969.

Lin W, Shen P, Song Y, Huang Y, Tu S. Reactive Oxygen
Species in Autoimmune Cells: Function, Differentiation, and
Metabolism. Front Immunol. 2021; 12: 635021. Available from:
https://doi.org/10.3389/fimmu.2021.635021.

Vodosek Hojs N, Bevc S, Ekart R, Hojs R. Oxidative Stress
Markers in Chronic Kidney Disease with Emphasis on Diabetic
Nephropathy. Antioxidants (Basel). 2020; 9 (10): 925. Available
from: https://doi.org/10.3390/antiox9100925.

Zhang P, Li T, Wu X, Nice EC, Huang C, Zhang Y. Oxidative stress
and diabetes: antioxidative strategies. Front Med. 2020; 14 (5):
583-600. DOI: 10.1007/s11684-019-0729-1.

Daenen K, Andries A, Mekahli D, et al. OkucnmnTenbHbIn cTpecc
npw XpoHnyeckon GonesHn nodek. Pediatr Nephrol. 2019; 34:
975-91. Available from: https://doi.org/10.1007/s00467-018-4005-4.
Smith A, et al. Molecular mechanisms of oxidative stress in
pathologies. Journal of Molecular Biology. 2022; 20 (3).

Johnson B, et al. Therapeutic approaches targeting antioxidant
imbalance. Medical Research Reviews. 2023; 25 (1).
Llennnkman B. E. O BAVSIHUM OKUCAMTENBbHOMO cTpecca Ha
opraHvMsM 4enoseka. MexayHapOAHbIA Hay4YHbIA >KypHal.
2022; 3 (117). HocTynHo mo ccbinke: https://research-journal.
org/archive/3-117-2022-march/vliyanie-okislitelnogo-stressa-
na-organizm-cheloveka (nata obpaueHns: 16.02.2025). DOI:
10.23670/IRJ.2022.117.3.037.

Mo k., Hewr C., buceac C., Harpanu H., Yy tO., YakpabapTn C.,
n op. OKUCAUTENbHBIV CTPECC, BbI3BaHHbIA [OKO30M, U
YCKOPEHHOE CTapeHne sHOOTeNMabHbIX KIIETOK OnocpeaoBaHbl
ncTouleHem mutoxoHapmansHbix SIRTs. Physiol Rep. 2020; 8:
e14331. DOI: 10.14814/phy2.143312020.

Wang C, et al. Reactive oxygen species and their role in cellular
signaling. Nature Reviews Molecular Cell Biology. 2021; 18 (5).
Walle M, Whittier DE, Frost M, Muller R, Collins CJ. Meta-analysis
of Diabetes Mellitus-Associated Differences in Bone Structure
Assessed by High-Resolution Peripheral Quantitative Computed
Tomography. Curr Osteoporos Rep. 2022; 20 (6): 398-409. DOI:
10.1007/511914-022-00755-6.

Darenskaya M, Kolesnikov S, Semenova N, Kolesnikova L.
Diabetic Nephropathy: Significance of Determining Oxidative
Stress and Opportunities for Antioxidant Therapies. Int J Mol Sci.
2023; 24 (15): 12378. DOI: 10.3390/ijms241512378.




