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ABSTRACT

The aim of this work was to study the levels of podocalyxin and p-2-microglobulin and parameters of lipid metab-
olism and carbony] stress in type 1 diabetes mellitus (T1DM) patients with different levels of albuminuria.

Materials and methods. 56 men of reproductive age with TIDM were divided into two groups: 24 patients
with stage Al albuminuria (group A1) and 32 patients with stage A2 albuminuria (group A2). The control group
consisted of 28 healthy men. The levels of renal function markers, lipid metabolism parameters, and methylglyoxal
were assessed using enzyme immunoassay and spectrophotometric and fluorometric methods.

Results. Higher values for total cholesterol, triacylglycerol, and very-low-density lipoprotein medians in both
groups Al and A2 were found. In these groups, increased podocalyxin and methylglyoxal medians were revealed.
Correlation analysis in the group Al showed the presence of a relationship between the glomerular filtration rate
(GFR) and creatinine. In the group A2, correlations between the generally accepted parameters of kidney injury
(the albumin / creatinine ratio and GFR) and the duration of the disease and between GFR and the creatinine and
methylglyoxal levels in the blood were identified. The podocalyxin level in this group correlated with the (2-
microglobulin and methylglyoxal levels and lipid metabolism parameters. The level of f2-microglobulin correlated
with the lipid metabolism parameters.

Conclusion. Regardless of the level of albuminuria, men with TIDM had significantly increased levels of
podocalyxin, lipid metabolism parameters, and methylglyoxal, as well as strong relationships between these
parameters. The data of this study can be used for development of potential strategies for prevention and early
treatment of diabetic nephropathy.
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Mapkepbl NO4e4YHOro NOBPEeXAEeHUA, IMNUAHOro oo6meHa
1 Kap6oHMNbHOrO CTpecca y NaLneHToB C caxapHbiM gunabetom | Tna
M pa3HbIiM YPOBHEM afibOyMVHYypumn

HapeHckaa M.A., YyryHoBa E.B., KonecHukos C.U., Fpe6eHkunHa J1.A., CemeHoBa H.B.,
Hukntuna O.A., KonecHukosa J1.U.

Hayunvui yenmp npobnem 300pogva cemvu u penpodykyuu uenogexa (HL [13CPY)
Poccus, 664003, 2. Upxymcxk, ya. Tumupszesa, 16

PE3IOME

Henr — wu3ydeHne ypOBHS IIOJOKAIMKCHHA, [-2-MUKpOIJIOOYJIMHA, IIOKa3zaTeneil JumupHoro obMmeHa W
KapOOHMIIBHOTO CTpecca y ManueHToB ¢ caxapHbiM auaberom (CJI) I tuma 1 pasHbIM ypoBHEM aabOyMHUHYPHUH.

Matepuaiabl U Metoasbl. [IpoBeneHo obcienoBaHue 56 MyK4WMH penpomyKTuBHOro Bo3pacta ¢ CJ[ I Tuma,
pa3zaeneHHbIX Ha JIBE TPYNIbL: 24 manuenTa ¢ anboymMunypuei ctamun Al (rpynma Al) u 32 — ¢ ansOymuHypHei
cragun A2 (rpynma A2). KOHTpOIbHYO TPy COCTaBUIN 28 310POBBIX MyK4KH. OTICHUBAJICS YPOBEHB IIOUEUHBIX
MapKepoB, KOMIIOHEHTOB JIMITUAHOTO 0OMeHa 1 MeTrarimnokcaist (MI) ¢ ucrmonp3oBaHeM UMMYHO(QEPMEHTHBIX,
CHEeKTPO(HOTOMETPUIECKUX U (DITFOOPOMETPUIECKUX METOIOB.

Pe3yabTaThl. YcTaHOBIIEHBI O0Jiee BBICOKHE 3HAYCHHS MEAHAH O0IIEro X0JeCTepHHa, TPHALMITIHLEPH/IOB U JIU-
HOMPOTENI0B OUeHb HU3KOM MIoTHOCTH B 00enx rpymmax ¢ CJ/I I Tuna. B jaHHBIX rpynmax oTMeYaluch TaKke
MOBBIIICHHBIC 3HAYCHUS METHAHbI MTOJIOKATTMKCHHA H OCHOBHOTO TTOKa3aTesst KapooHmIsHOro ctpecca — MI. Tpo-
BEJ/ICHHBIHM KOPPEJIALMOHHBIN aHaIN3 B rpynne Al nmokasaj HaIu4ue 3aBUCUMOCTH YPOBHS CKOPOCTH KJIyOOUYKOBOM
¢unbrpanmu (CK®) u kpearnnnna. B rpynmne A2 oTMedanuch CBS3M OOLICHPHHATHIX MOKa3aTeNleil MOYedHOro
HOBpeXIeHNs (CooTHOLIeHHs anbOymun/kpeatunnt 1 CK®) ¢ anurenbHOCTHIO 32001eBanust, nokasareinst CKO ¢
ypoBHeM kpeaTnHrHa 1 MI'. YpoBeHb 10JJOKaIMKCHHA B IAHHOH IPYIIIE KOPPETHUPOBAJ C YPOBHEM B2-MHKPOIIIO-
Oynuna, MI', mokasarerneii unuaHOro ooMeHa; 2-MUKPOTrIO0YIMH HMET B3aUMOCBSI3H C TTapaMeTpaMi JIHIH/I-
HOro oOMeHa.

3akaouenne. Y myxunt ¢ CJ] I Tuma BHe 3aBUCHMOCTH OT YpOBHS QJIbOYMHUHYPHU OTMEYAIOTCS 3HAYUTEIBHO
6oJree BHICOKHH YPOBEHb IT0JIOKUITMKCHHA, YBEINYECHHBIE [T0KA3aTeNN JTUIHHOro oOMeHa 1 MI', a Takxke Hamume
TECHBIX B3aUMOCBSI3€H MEXXTy STHMH ITapaMeTpaMH, YTO MOKET OBITh UCIIOIBb30BAHO IS pa3pabOTKH MOTEHIHAb-
HBIX CTpaTeruii npo(MIaKTUKY U paHHEH Tepanuy JruadeTHyecKoi HedponaTuu.

KoroueBble ciioBa: caxapHblil quaber | Tuna, My>K4uHbI, anbOyMUHYPHSI, TOJOKATUKCUH, -2-MHKPOTIO0YIINH,
KapOOHWIBHBIH CTpece, JTUMUIbI

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX M MOTEHIMANBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaIKeil HACTOSIIEH CTaThH.

Hcrounuxk ¢puHancupoBanus. lccienoBaHue BBINOJHEHO B PaMKax TOCYIApCTBEHHOW OOMKETHOW TEMbI
OTBHY «HayuHnblii neHTp npobieM 370pOBbsi CEMbU M PEHpPOAYKIMH yenoBeka» «llarodusnonorndeckue
MEXaHU3Mbl U TEHETHKO-METa00JINUYECKUEe MIPEAUKTOPBI COXPAHEHHsI PENPOAYKTUBHOTO 3J0POBbS U JIOJITOJIETHS B
pa3IMYHBIX BO3PACTHBIX, FEHAECPHBIX U ATHUUECKUX rpynnax» Ne 121022500180-6.

CooTBeTcTBHE MPUHOMIAM JTHKH. Bce yuacTHUKM moxamucamu (GOpMHpPOBaHHOE COTJaCHE Ha ydacTHE B
nccnenoanuu. Mccenenosanue ogo0peHo JoKaIbHBIM dTrdeckuM komuteroM HI TT3CPY (mpoTokonm Ne 8.2 ot
2.11.2018).

Jist nurupoBanust: [lapenckas M.A., Uyrynosa E.B., Konecunkos C.1., I'pebenkuna JI.A., CemenoBa H.B.,
Huxutuna O.A., Konecuukosa JI.W. Mapkepbl MOYEYHOTO TOBPEXKICHUS, JIUMTHIHOTO 0OMEHA U KapOOHUIEHOTO
cTpecca y TMalMeHTOB ¢ CaXapHbIM JHa0eTOM | THITa U pa3HBIM YPOBHEM allbOyYMHUHYPHHU. Biosiemens cubupcKkoul
meouyunwl. 2022;21(2):33-40. https://doi.org/10.20538/1682-0363-2022-2-33-40.
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INTRODUCTION

Diabetes mellitus (DM) is considered a pressing
problem due to the development of numerous com-
plications. Diabetic nephropathy (DN) occupies a
prominent place among the DM complications due
to early disability and mortality [1, 2]. The incidence
of DN among patients with type 1 diabetes mellitus
(TIDM) is 20.1% [3]. DN is a complex lesion of
the arteries, arterioles, glomeruli, and tubules of the
kidneys, often leading to the development of diffuse
or nodular glomerulosclerosis and, subsequently, to
chronic renal failure [4].

Multiple factors contribute to the DN develop-
ment, including metabolic (hyperglycemia, hyper-
lipidemia) and hemodynamic factors [2, 4]. Poor
glycemic control and hereditary predisposition con-
tribute to the progression of DN[1]. Hyperglyce-
mia can adversely affect renal structures through a
number of factors, such as activation of the sorbitol
pathway of glucose metabolism, increased synthesis
of diacylglycerol, accumulation of non-enzymatic
glycation products of proteins and lipids in tissues,
etc. [5, 6]. It is commonly accepted to differentiate
several stages in DN development; however, it was
established that changes in kidney tissues in patients
with diabetes occur already when excretion of al-
bumin in the urine is normal [7]. For this reason, it
becomes especially important to clarify the mecha-
nisms that contribute to early changes in renal struc-
tures in DM patients. Currently, the main groups of
new potential renal markers have been identified: tu-
bular markers, markers of podocyte damage, growth
factors, immune and inflammatory factors, and
products of extracellular matrix metabolism, that
allow to predict the development of DN with high
specificity and sensitivity [8].

Carbonyl stress is a condition that is accompa-
nied by an increase in the content of carbonyl com-
pounds, such as aldehydes, ketones, carboxylic ac-
ids, carbohydrates, etc. Most of the compounds of
such nature are aldehydes: malondialdehyde, 4-hy-
droxynonenal, glyoxal, methylglyoxal, acrylic al-
dehyde, etc. [9]. Most aldehyde synthesis reactions
involve free radicals or free radical oxidation prod-
ucts, which determines a close causal relationship
between carbonyl and oxidative stress [10]. Current-
ly, it has been shown that carbonyl compounds can
accumulate in the body for a long period of time in
DM, which together with additional pathogenetic

mechanisms leads to serious dysregulations in the
kidneys [11, 12].

Despite the available research data, there is still
insufficient knowledge about the relationship be-
tween various factors of kidney injury and carbonyl
stress parameters in the T1DM development. There-
fore, the aim of this study was to investigate the lev-
els of podocalyxin, B-2-microglobulin, and lipid me-
tabolism and carbonyl stress parameters in T1DM
patients with different levels of albuminuria.

MATERIALS AND METHODS

The data of 56 TIDM patients of young repro-
ductive age (average age 30.25 + 8.51 years) with
a poor glycemic profile were used. According to
the latest classification, this group was divided into
2 subgroups: patients with stage Al albuminuria
(group A1) (n =24, average age 29.38 + 9.78 years)
and patients with stage A2 albuminuria (group
A2) (n = 32, average age 30.88 + 7.54 years) [13].
According to the disease duration, glycated hemo-
globin level (HbAlc), and glycemic profile, the
mean values in these groups did not differ from each
other (p > 0.05).

The examination of patients included a compre-
hensive assessment of clinical and laboratory data.
The glycemic profile (fasting blood glucose, post-
prandial glucose 2 hours after a meal) was assessed.
The concentration of glycated hemoglobin (HbAlc)
was determined by ion-exchange high-performance
liquid chromatography, using a D-10 analyzer (Bio-
Rad, USA). The following diagnostic methods were
used to assess early kidney injury: glomerular filtra-
tion rate (GFR), albumin content, urinary albumin /
creatinine ratio. The albumin content and the albu-
min / creatinine ratio in the urine were determined
on the SYNCHRON CX9 PRO biochemical analyz-
er (Beckman Coulter, USA) using the immunotur-
bidimetric assay. GFR was calculated according to
CKD — EPI equation (ml / min / 1.73 m?).

The research materials were serum and urine. The
level of podocalyxin in the urine was determined by
enzyme immunoassay using the Podocalyxin ELI-
SA Kit (USA). The level of B-2-microglobulin in
the urine was determined using the Beta-2-micro-
globulin kit (BioChemMack, Russian Federation).
The content of total cholesterol (TC), high-density
lipoprotein (HDL) cholesterol, and triacylglycerols
(TG) in the blood serum was determined using the
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Bio Systems commercial kits (Spain). Measure-
ments were carried out on the SYNCHRON CX9
PRO biochemical analyzer (Beckman Coulter,
USA). The level of very-low-density lipoprotein
(VLDL) cholesterol was calculated using the fol-
lowing formula: VLDL = TG / 2.2; and low-den-
sity lipoprotein (LDL) cholesterol = TC — (HDL +
VLDL). The content of methylglyoxal, a carbonyl
stress parameter in the blood serum, was determined
using the Human Methylglyoxal ELISA Kit (USA).
Enzyme immunoassay was performed on the Mul-
tiSkan ELX808 microplate reader (Biotek, USA).

This study was carried out using the equipment
of the Center for the Development of Progressive
Personalized Health Technologies at Scientific
Center for Family Health and Human Reproduction
Problems (Irkutsk).

Statistica 8.0 package (StatSoft Inc., USA) was
used for statistical processing of the obtained re-
sults. At the first stage, the normality of distribution
was determined by the visual — graphic method and
the Kolmogorov — Smirnov test with the correction
using the Lilliefors and Shapiro — Wilk tests). The
equality of generalized variance was checked using
Fisher’s exact test (F-test). Further, due to the dif-
ference between the sample and the normal distri-
bution, the nonparametric Mann — Whitney test was
used. The results were presented as the median and
the interquartile range of Me[Q —Q .]. The Spear-
man’s rank correlation coefficient was used for cor-
relation analysis. The differences were considered
statistically significant at p = 0.05.

RESULTS

The analysis of serum lipid content in T1DM pa-
tients in the groups with different levels of albumin-
uria is presented in Table 1.

Table 1

Serum lipid content in TIDM patients with different levels
of albuminuria, Me [Q ~0O.]

Parameter,

mmol /1 Control group Group Al Group A2
TC 4.21[3.74-4.58] | 4.6 [4.15-5.18]* |4.65 [4.15-5.5]*
TG 0.66 [0.47-0.93]| 1[0.8-1.55]* 1.2 [0.8-1.8]*
HDL
cholesterol 1.28 [1.00-1.4] | 1.39[1.1-1.5] 1.3[1-1.7]
LDL 2.47[2.22-2.99]| 2.44 [1.96-2.86] | 2.37 [1.98-2.9
cholesterol AT12. 991|244 11. 86] | 2.3711. 21
VLDL * 0.55
cholesterol 0.3 [0.21-0.42] {0.46 [0.36-0.71] [0.36-0.82]*

* Here and in Table 2, statistically significant differences with the
control group (p < 0.05).

According to the results, group Al had higher
median values of TC (p = 0.005), TG (p = 0.007),
and VLDL cholesterol (p = 0.007) compared with
the controls (Table 1). Group A2 also differed from
the control values in higher TC (p = 0.001), TG
(»p = 0.022), and VLDL cholesterol (p = 0.022).
No statistically significant differences (p > 0.05)
were identified in the other parameters in the study
groups (Table 1).

Urinary excretion levels of kidney injury mark-
ers were measured in groups Al and A2 (Figure).
Higher levels of podocalyxin were found in group
Al (p =0.003) and group A2 (p = 0.004) compared
with the control group. No significant differences
were found concerning B2-microglobulin (p > 0.05).

40.00 *
32%
30.00 *
21.67%
20.00 15.00%
10.00 %
0.00

10.00 GI‘OU.p Al Group /
-20.00 /
-30.00 /
-40.00 7

Figure. Urinary excretion levels of podocalyxin and
B-microglobulin in patients with TIDM and different levels of
albuminuria, %. * Statistically significant differences with the
control group (p < 0.05). The control values are taken as 0%

Table 2 shows the results of assessing the con-
centration of serum methylglyoxal, a key carbon-
yl stress parameter, in patients with TIDM. It was
found that higher median methylglyoxal values
(» =0.031) in group Al were noted compared with
the control. In group A2, similar differences were
found (p < 0.001) compared with the control.

Table 2

Serum methylglyoxal concentration in patients with TIDM and
different levels of albuminuria, Me[Q —0,]

Control group

2.14 [1.02-3.67]

Group Al
3.24 [2.6-3.51]*

Group A2
3.46 [2.9-4.21]*

The correlation analysis conducted in group Al
showed a single relationship between GFR and cre-
atinine (» =-0.79; p = 0.0001). Group A2 was char-
acterized by correlations between the duration of
the disease and albumin / creatinine ratio (» = 0.47;
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p = 0.018) and between GFR and blood creatinine
level (r =-0.44; p = 0.027) and methylglyoxal level
(r = 0.64; p = 0.043). Podocalyxin levels in this
group correlated with the levels of another renal
marker, f2-microglobulin (» = 0.47; p = 0.018), and
with the methylglyoxal level (» = 0.52; p = 0.008).
In addition, podocalyxin showed correlations
with lipid metabolism parameters: TC (r = 0.42;
p = 0.036), TG (r = 0.41; p = 0.04), VLDL cho-
lesterol (» = 0.41; p = 0.04). B2-microglobulin had
correlations with TC (r = 0.52; p = 0.007), TG
(r = 042; p = 0.035), and VLDL cholesterol
(r=0.42; p = 0.035). In group A2, there were also
multiple correlations of lipid metabolism parameters
among themselves and with other parameters: TC —
TG (r = 0.62; p = 0.001), TC — VLDL cholesterol
(r = 0.62; p= 0.001), TG — VLDL cholesterol
(r=-0.6; p =0.002), LDL cholesterol — VLDL cho-
lesterol (r=-0.6; p =0.002), HDL cholesterol — cre-
atinine (» =—0.43; p = 0.032).

DISCUSSION

Assessment of the serum lipid content in the
groups showed a slight increase in TC, TG, and
VLDL cholesterol in groups Al and A2. Currently,
hyperlipidemia is considered as a separate serious
factor in DN progression due to the direct relation-
ship of complex lipid disorders with the formation
of glomerulosclerosis [4, 14]. In our study, there
were no significant changes in the lipid content in
both groups, although a definite trend was observed.
Hyperlipidemia has recently been considered as
a separate nephrotoxic factor, with a clear parallel
drawn between the processes of glomerulosclero-
sis and vascular atherosclerosis [15]. It was found
that oxidized LDL, growth factors, and cytokines
increase synthesis of mesangial matrix components,
accelerating glomerular sclerosis, which contributes
to the progression of DN [4].

The analysis of the urinary excretion levels
of podocalyxin and B-microglobulin in the study
groups showed significant changes only for podo-
calyxin. We noted that its urinary excretion was el-
evated in both groups relative to the control, with
higher excretion in group A2. Podocalyxin is a spe-
cific protein expressed on the surface of podocytes
[16]. Experimental studies on models of DN forma-
tion showed that podocyte damage plays a crucial
role in filtration barrier permeability disorders and

glomerulosclerosis development, with significant
podocyte desquamation into the urinary space [17].

Currently, the link between the number of podo-
cytes in the urine and kidney diseases, such as ne-
phropathy, systemic nephritis, focal segmental
glomerulosclerosis, etc., has been convincingly
proven [18]. This parameter reflects damage to the
juxtaglomerular apparatus of the kidneys, with in-
creased podocyte excretion in the urine [19]. Sever-
al studies showed that podocyturia develops in 74%
of patients with normal albuminuria and in 54% of
patients with microalbuminuria, with the same fre-
quency in types 1 and 2 diabetes [20]. These data
indicate that podocytes in DM are damaged much
earlier than filtration barrier permeability disorders
occur, i.e. in stage A2 albuminuria [21]. Thus, our
data confirm previous studies on the increase in this
parameter in patients with DN [19, 20].

Another parameter, B-microglobulin, showed no
significant changes in both groups. This parameter
characterizes damage to the renal tubules, and, thus,
it can be stated that no pronounced changes of this
kind were detected in the patients.

Methylglyoxal, a key carbonyl stress parame-
ter, was elevated in TIDM patients of both groups.
Methylglyoxal is a carbonyl compound, a precursor
of glycotoxins formed by the non-enzymatic brown-
ing reaction [10, 12, 22]. Thus, under the conditions
of chronic hyperglycemia, there is a significant
increase in the intracellular glucose content, and
pathological pathways of its metabolic transforma-
tion are activated along with insufficient utilization
[6]. These processes, together with oxidative stress
reactions, lead to the formation of stable Amadori
products from reversible unstable Schiff bases.
During the reactions, Amadori products are con-
verted into fluorescent proteins, glycotoxins, and
so-called advanced glycation end products (AGEs).

The latter were found to accumulate, slowly de-
grade, and persist for a long time in the vascular
bed, even with further stabilization of glucose lev-
els — a mechanism of metabolic memory [12, 23].
AGE:s are involved in cross-linking of long-lived
proteins, which contributes to arterial wall stiffen-
ing [23]. Their role was shown in the mitochondrial
protein modification, impaired mitochondrial func-
tion, and overproduction of free radicals [10]. In
this regard, methylglyoxal is considered as an im-
portant biomarker of diabetic complications due to
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its close connection with glycation processes, 3-cell
dysfunction, and insulin resistance [24]. The amount
of AGEs was found to be directly proportional to the
level of blood glucose, and even a moderate increase
in blood glucose leads to an increase in AGEs.

Methylglyoxal is also considered to be the most
reactive among AGEs due to its direct involvement
in disrupting insulin secretion and function, as well
as in signal transduction processes. There is evi-
dence that the intrinsic AGE receptor, RAGE, pres-
ent on the cell surface, may serve as an important
therapeutic target in DM patients with chronic kid-
ney disease, and its blockade leads to a delay in the
progression of vascular complications [22]. Thus,
less functional damage to renal structures was ob-
served in mice with AGE receptor knockout [23]. It
was also found that increased AGE levels are close-
ly associated with various structural and function-
al changes characteristic of DN, in particular with
GFR. [12, 22]. Mitochondrial AGE formation is
also thought to be an irreversible phenomenon un-
derlying the metabolic memory mechanism through
formation of reactive oxygen species, which in turn
may contribute to the development of damaging ef-
fects in mitochondrial DNA and inhibition of the re-
spiratory chain [24, 25].

Therefore, increased methylglyoxal concentra-
tions in the blood of TIDM patients with microal-
buminuria may indicate DM development, whereas
under the conditions of stage A2 albuminuria, they
may indicate a potential role of carbonyl stress in
DN development. The correlation analysis in the
group of patients with microalbuminuria revealed
a regular relationship between GFR and creatinine.
Under the conditions of stage A2 albuminuria, there
were correlations between the generally accepted
parameters of kidney injury (albumin / creatinine ra-
tio and GFR) and the duration of the disease. Podo-
calyxin showed a close relationship with methylgly-
oxal, which may indicate a significant contribution
of glycotoxins to the mechanisms of kidney injury
during the development of albuminuria.

This fact was also confirmed by the revealed re-
lationship of methylglyoxal with GFR. Although no
changes in the mean values of B-microglobulin were
detected in group A2, this parameter correlated with
podocalyxin, which demonstrates the similarity of
their damaging effects in different parts of the jux-
taglomerular apparatus of the kidneys. The similar-

ity of podocalyxin and B-microglobulin correlations
with the lipid content (TC, TG, and VLDL choles-
terol), which may be due to the significant contribu-
tion of these components to the DN progression, is
of great interest.

CONCLUSION

It can be stated that men with TIDM have an in-
crease in podocalyxin, which indicates damage to
the juxtaglomerular apparatus of the kidneys. The
development of carbonyl stress is also recorded.
These disorders also apply to stage Al albuminuria,
when pronounced changes in the functioning of re-
nal structures have not yet occurred. This confirms
the suggestion that even in early stages of the disease
there are conditions for the activation of adverse fac-
tors and progression of diabetic complications. This
can be used to develop potential strategies for pre-
vention and therapy of DN.
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