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Transcriptional regulation of lactate dehydrogenase activity in rat kidney
cells in diabetic nephropathy
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ABSTRACT

Aim. To study the features of transcriptional regulation of the activity and isoenzyme composition of lactate
dehydrogenase in the kidneys of Rattus norvegicus L. in diabetic nephropathy.

Materials and methods. The study included 20 male laboratory rats (Rattus norvegicus L.) divided into two equal
groups: “Norm” — intact rats injected with 0.9% NaCl intraperitoneally and “Diabetes” — animals with alloxan-
induced diabetes (DM1 model). The activity, subcellular localization, and mobility of lactate dehydrogenase
(LDH, EC 1.1.1.27) isoenzymes were studied using spectrophotometry and electrophoresis. LDHA and LDHB
gene transcripts were analyzed by the polymerase chain reaction.

Results. Analysis of the LDH activity showed that this parameter increased by more than 6 times in the animals
with diabetic nephropathy compared to the control group. Moreover, the increase in the rate of the LDH activity
was a consequence of the enzyme activation in all the studied compartments of the cell and is consistent with
the parameter in the homogenate. The increase in the LDH activity in diabetic nephropathy may result from
redistribution of the activity rate between the available isoforms and may be associated with an increase in the
transcription rate of genes encoding subunits A and B of this enzyme.

Conclusion. The increase in the LDH activity is likely associated with the activation of renal gluconeogenesis,
the main substrate for which is lactic acid reabsorbed in the renal glomeruli. The revealed increase in the LDH
activity in the kidneys of rats with diabetic nephropathy may be associated with adaptation of their metabolism to
the pathological state.
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TpaHCKpUNUVOHHaA perynauna GyHKLNOHNPOBaHUS
NnakTaTgernaporeHasbl B K/eTKax Noyek Kpbic npu guabeTnyeckonm

HedponaTum

EnpuHues A.T., MpecHsakos E.C., CennsaHoBa H.B.

Boponesicckuii cocyoapcmeennwiil yHuseepcumem (BI'Y)
Poccus, 394063, 2. Boponeoic, Ynusepcumemckas na., 1

PE3IOME

Heablo nanHOW pPabOTHl SABIAJIOCH H3Y4YEHHE OCOOCHHOCTEH TPAHCKPHUILMOHHON Pperyisiluud aKTUBHOCTU U
U30(epPMEHTHOr0 COCTaBa JIAKTATIEI HAPOreHa3bl B IOYKaX Rattus norvegicus L. npu nuadernueckoit Hedponaruu.

Marepuansl U Metoasbl. [IpoBeneHo uccienosanue 20 caMIioB 1ab0OpaTOpHBIX KpbICc Rattus norvegicus L., pas-
JIETICHHBIX Ha JBE paBHbIe Irpynmsl: « HopMa» — HHTaKTHBIE KPBICHI, KOTOPBHIM BHYTPHOpIOmMHHO BBogH 0,9%-
i NaCl, u «/luaber» — KUBOTHBIC C AJUIOKCAHOBBIM jamadetoM. McciemoBanach aKTHBHOCTh, CYOKJIETOYHAs
JIOKAJIM3alysl ¥ TOJBIKHOCTE M30(pepMeHToB iakrataeruaporenassl (JIAT, K@ 1.1.1.27) ¢ ucnons3oBaHuem
CHEKTPO(HOTOMETPUUECKUX, NIEKTPOPOPETHIECKUX METONOB, a TaKXKe HCIOJIb30BAJIach MOJIMMepas3Has IerHast
peaxuus B peaJbHOM BPEMEHHU AT aHaIu3a TPaHCKpUNToB reHoB LDHA n LDHB.

PesyabTathl. Ananu3 aktuBHOCTH JI/IT" Mokasan, 4To mJaHHBIH apaMeTp BBIPOC Oojiee 4eM B 6 pa3 y )KUBOTHBIX C
IrabeTHaecKkoi HeporaTHel o CpaBHEHUIO C KOHTPOIBHOU Ipymmoit. Bozpactanne ckopocTn hyHKIMOHHPOBAHUS
JIAT sBisieTcst cIeCTBHEM aKTUBH3AIMY ()epMEHTa BO BCEX HCCIIEyEeMbIX KOMIIAPTMEHTAX KJICTKU U COTJIACYETCS
¢ TOKaszaTeneM B roMmoreHare. BeposrtHo, yBemmuenme aktuBHoctH JIJIT mpm nuabermdeckod HedpomaTHu
SIBIICTCS CIICICTBUEM IepepactpeelIeH s CKOPOCTH (QYHKIHOHUPOBAHHS MEKTY UMEIOIMIUMHUCS H30(OpMaMu 1
CBSI3aHO C YCHJICHHEM CKOPOCTH TPAHCKPHIIUK T'€HOB, KOJUPYIONINX CyOBbequHHIBI A 1 B manHoTO (hepmenra.

3axiouenue. Y cunenue padotsl JIJIT, BepoaTHO, IBIIAETCS CISICTBUEM aKTHBU3AIMH TI0YEYHOT O IIIIOKOHEOTeHe3a,
OCHOBHBIM CYOCTpaToM Juisi KOTOPOTO SIBISIETCS MMEHHO MOJOYHAs KHCIOTa, peaacopOupyeMasl B MOYEUHBIX
KiyOoukax. BersiBnennoe yBennuenue aktusHocTd JI/II' B moukax Kpeic Ipu AuadeTn4ecKoi HepponaTuu MOKeT
OBITH CBA3aHO C afanTalyei NX OHOXMMHUECKOTO METa0OIN3Ma K AaTOJIOTHUECKOMY COCTOSHHIO.

KnrodeBble ci10Ba: makTaTAerHApOTreHasa, tnadeTndeckast Hepornatus, 130(pepMEHT, PeryIIsys, TPAHCKPHITIHS

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(i)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C ny6nm<auneix’1 HaCTOS{H.[efI CTaTbHU.

Hcrounnk ¢punancuposanus. Vccnenoanue BHINONHEHO pu GpruHaHCOBOI monaepxke PODU (mpoekt Ne 20-
04-00296).

CooTBeTcTBHE IPUHIUIIAM ITHKH. VcciienoBanne 0g00peHo STHYECKUM KOMHUTETOM I10 9KCIEPTH3e OHMoMeTu-
nuHCKUX uccnenosanuii BI'Y (mpotokon Ne 42-04 ot 05.09.2022).

Jns uutupoBanus: Enpunnes A.T., [Ipecusikos E.C., CenuBanoBa H.B. TpaHckpununoHHas peryisinus GyHK-
IIMOHNPOBAHMS JIAKTATACTHIPOTeHA3bl B KJIETKaX MOYEK KpbIC MpH AnabeTHdeckoi Hedponatun. browiemens cu-
oupckoti meouyuns. 2024;23(1):30-36. https://doi.org/10.20538/1682-0363-2024-1-30-36.

INTRODUCTION

Diabetes mellitus is one of the most important med-
ical, social, and economic problems worldwide [1]. The
main danger of this pathology is associated with the
development of various complications, which include
diabetic nephropathy (DN). Every year the number of
people with diabetes mellitus grows, therefore, the risk
of developing this disease increases for each person [2].
The mechanism of DN is based on the development of

sclerotic changes in the renal glomeruli, which lead to
impaired kidney function and chronic renal failure. The
main problem of this pathology is that there are no pro-
nounced symptoms at initial stages of diabetes mellitus.
By the time the symptoms manifest and a diagnosis of
DN is made, the disease is already progressing very ac-
tively and becomes practically incurable [3].

The kidneys maintain high resting metabolic rate in
the human body [4] and occupy the second place in terms
of oxygen consumption and mitochondrial content, after
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the heart [5]. Such an active mechanism of energy pro-
duction is crucial for maintaining normal kidney func-
tion, which requires active transport and reabsorption of
dissolved substances, including amino acids, sugars and
other essential elements, back into the blood. However,
in DN caused by diabetes mellitus, damage to the kidney
tissues is observed, which can cause metabolic changes
in them, including activation of glycolysis and fatty acid
metabolism, as well as mitochondrial dysfunction and
impaired ATP production [6].

The kidneys contain lactate dehydrogenase (LDH,
EC 1.1.1.27), which is involved in the final stage of an-
aerobic glycolysis and performs reversible conversion of
pyruvate into lactate [7]. But there is very little informa-
tion about the activity of this enzyme in DN, which is a
relevant and interesting topic to study.

MATERIALS AND METHODS

The study included male laboratory rats (Rattus nor-
vegicus L) weighing about 150-200 g (Stezar breed-
ing station, Russia). The study was approved by the
Ethics Committee for Biomedical Research at Voronezh

State University (Protocol No. 42-04 of 05.09.2022).
The study was performed in accordance with the prin-
ciples of humanity set out in the European Council
directives (86 / 609 / EEC) and the Declaration of Hel-
sinki.

The DN model in type 1 diabetes mellitus was creat-
ed by a single intraperitoneal injection of a 5% solution
of alloxan diluted in 0.9% sodium citrate at a dose of 150
mg / kg of live weight [8]. The animals (r = 20) were
randomly divided into 2 equal experimental groups:
“Norm” — intact rats injected with 0.9% NaCl intraperi-
toneally, and “Diabetes” — animals with alloxan-induced
diabetes. To control the incidence of diabetes mellitus
in the experimental group of rats, the blood glucose lev-
el was determined using the glucose meter Sattelit Plus
PKG-02.4. Blood sampling was performed from the cau-
dal vein in the morning on an empty stomach. Creatinine
clearance was assessed by the concentration of creatinine
in the blood serum and urine using the Jaffe’s method
using the Creatinine Vital kit (Vital Development Cor-
poration LLC, Russia). The calculation was carried out
according to the formula:

urine volume in 24 h (ml) X urine creatinine (mmol/I)

Creatinine clearance((ml/min)/kg) =

The anesthetized animals were decapitated 3 months
after the administration of alloxan, and the kidneys were
extracted. Kidney tissue was homogenized in a 10-
fold volume of the isolation medium containing 1 mM
EDTA; 2 mM KCI; 3 mM DTT; 0.35 M sucrose; and
50 mM Tris-HCI buffer (pH = 7.8). Centrifugation was
carried out for 5 minutes at 3,000 g and a temperature of
4 °C. A supernatant (homogenate) was selected, which
was later used to measure the activity of the enzyme. Cy-
toplasm and mitochondria were separated by differential
centrifugation [9].

The cross-contamination assay was used to assess the
purity of the studied fractions, measuring the activity of
succinate dehydrogenase [10] and alcohol dehydroge-
nase [11].

LDH activity was measured by spectrophotometry
at a wavelength of 340 nm. A decrease in the optical
density of the solution associated with the utilization of
NADH during the conversion of pyruvate to lactate in
the spectrophotometry medium of the following compo-
sition was evaluated: 5 mM MgCl; 10 mM KCI; 1.25
mM NADH; 3 mM pyruvate; 10 mM potassium phos-
phate buffer, pH = 7.8.

Separation of LDH isoenzymes was performed by
polyacrylamide gel electrophoresis at a temperature of
4 °C. For the gel to be seen, a tetrazolium salt-based

serum creatinine (mmol/I) x 0.001

rat weight (kg)

method was used, which is based on the emergence of
a blue-colored compound formazan, that is a product of
HCT reduction [12].

The nucleotide sequences of the rat LDHA and LDHB
mRNA genes were obtained from the international Gen-
Bank sequence database (https://www.ncbi.nlm.nih.gov/
gene /?term=lactatet+dehdrogenase+rat). Identification
of gene homology and comparative analysis of their
composition were carried out using the BLAST software
(https://blast.ncbi.nlm.nih.gov /). The Primer- BLAST
program located on the NCBI website was used for the
selection of primers. The obtained sequences were tested
for specificity to the desired genes in the Primer- BLAST
and for the formation of crosslinking and other second-
ary structures in the ClustalOmega program. Specific
primers for LDHA and LDHB rat LDH genes (LDHA:
forward 5°-ctcagcgtcccatgtatcct-3’; reverse 5°-tgagatttc-
ccccagaccac-3’; LDHB: forward 5°- ctggattctgetcg-
gtttcg-3’; reverse 5’°- tgaggtcagccacacttagg-3’) were se-
lected based on the analyzed sequences.

RNA was isolated by phenol chloroform extraction
[13], followed by visualization by agarose gel electropho-
resis (1%) [14]. Reverse transcription was carried out in
order to obtain cDNA using the M-MuLV reverse tran-
scriptase enzyme and oligo(dT) primers (SibFerment,
Russia) for the synthesis of the first cDNA chain according
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to the manufacturer’s instructions. The real-time poly-
merase chain reaction was carried out on the LightCycler
96 PCR analyzer (Roche, Switzerland). The Extra-mix
for PCR HS-Taq PCR kits (DiaM, Russia) were used as
reagents. SYBR Green I was taken as a dye. Amplifica-
tion parameters: preliminary denaturation at 95 °C for
5 min, then a cycle: 95 °C - 20, 59 °C - 30, 72 °C —
40 s (detection), final elongation — 72 °C — 10 min.

To verify the reliability of the data obtained, all ex-
periments and measurements were carried out using
8x biological and 5x analytical replicates. Calculations
were carried out in the Microsoft Office Excel 2007 pro-
gram, and their further analysis was performed in the
Stattech program (StatTech v. 1.2.0; Stattech LLC, Rus-
sia). Quantitative variables were checked for normality
of distribution using the Shapiro — Wilk test. The figures
present the data as the mean and the standard error of
the mean (M + SE). The results of the experiment were
analyzed using the Student’s t-test with the calculation
of the mean and the standard deviation. The correlation
analysis using the Pearson’s correlation coefficient was
performed to identify the relationships between the pa-
rameters. All the data presented in this paper are statisti-
cally significant, p < 0.05.

RESULTS

The data obtained when measuring the concentration
of glucose in the blood of the rats are shown in Fig. 1.
It demonstrates that in the rats included in the “Norm”
group, the concentration of glucose in the blood fluctuated
within 4.1 + 1.3 mmol / 1 throughout the entire experi-
ment, whereas in the animals exposed to prolonged al-
loxan intoxication, this parameter significantly exceeded
normal values and was approximately 15.5 £ 2.7 mmol / L.
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Fig. 1. Glucose concentration in the blood of experimental

animals. Norm — healthy rats; Prolonged alloxan intoxication —

animals with alloxan-induced diabetes. * p <0.01. Here and in
Fig. 24, 6, the method used is Student’s #-test

A significant increase in blood glucose levels is the
evidence of diabetes mellitus initiation.

We determined creatinine clearance in the blood se-
rum of the experimental animals to assess glomerular
filtration rate. The results presented in Fig.2 show that
creatinine clearance increased by 1.64 times (3.05 and
1.83 ml / min / kg; p < 0.05) compared with the control
group, which may indicate the development of an early
stage of DN.

It was revealed that the level of protein excretion in
the urine increased by 3.6 times by the second month
of the experiment (from 8.1 to 28.9 mg / day; p < 0.03)
(Fig. 3). At week 12 of the experiment, the value of the
studied parameter decreased slightly and was 25.9 +
0.1 mg / day. In the control group (rats injected with sa-
line), the protein concentration in the urine fluctuated at
the level of 7.89-8.01 mg / day, which corresponds to
physiological values.
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Fig.2. Determination of creatinine clearance in the blood serum

of the animals with prolonged alloxan intoxication. Start — the

beginning of the experiment; Norm — healthy rats; Diabetes —
animals with alloxan-induced diabetes; * p < 0.05
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Fig. 3. Determination of protein concentration in the urine
in the animals. Norm — healthy rats; Diabetes — animals with
prolonged alloxan intoxication; * p < 0.05.
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The analysis of the rate of LDH activity showed that
this parameter increased by more than 6 times in the kid-
neys of the animals with DN compared with the control
group (2.3 and 14.5 U / gram of wet mass; p <0.01) (Fig.
4, a).
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Fig. 4. Lactate dehydrogenase activity in the homogenate (a),
cytoplasm and mitochondria (b) of rat kidneys. * p < 0.01;
** p<0.03

LDH activity is observed both in the cytoplasm and
mitochondria (Fig. 4, b), which is confirmed by the liter-
ature data on the subcellular localization of the enzyme
under study.

Polyacrylamide gel electrophoresis conducted with
subsequent manifestation of LDH activity showed the
presence of 4 forms of the enzyme in the kidney cells
of both groups of animals with Rf 0.04; 0.18; 0.26, and
0.32 (Fig. 5).
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a 1

Fig. 5. Isoenzyme composition of lactate dehydrogenase in
kidney cells of intact rats (1) and animals exposed to prolonged
alloxan intoxication (2): a — homogenate; » — cytoplasmic
fraction; ¢ — mitochondria; P1-4 — protein bands; F — front line

A real-time polymerase chain reaction was performed
to assess the expression level of genes encoding lactate
dehydrogenase A and B subunits. As the analysis of the
data obtained shows (Fig. 6), both genes are actively

transcribed in the kidneys of rats with DN, but are less
active in the kidneys of healthy animals. Moreover, with
the development of this pathology, the expression of the
LDHA gene increased by almost 3 times, and the expres-
sion of the LDHB gene — by more than 4 times.
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Fig. 6. Relative transcription level of LDHA and LDHB genes
in the kidneys of healthy rats (Norm) and animals with diabetic
nephropathy (Diabetes). * p < 0.01

DISCUSSION

The analysis of the results of blood and urine bio-
chemistry in healthy rats and animals with prolonged al-
loxan intoxication showed that the latter have impaired
kidney function against the background of diabetes mel-
litus. Thus, the data obtained confirm DN development
in the experimental group of rats.

An increase in the LDH activity in the kidneys of the
rats with DN may be associated with a need to utilize
lactate entering the kidneys from the blood. It is known
that in type 1 diabetes mellitus, there is a significant in-
crease in renal gluconeogenesis, the main substrate for
which is lactic acid reabsorbed in the renal glomeruli.
This fact also explains the reason for the accumulation
of glycogen in diabetic kidneys [15]. The LDH activity
is observed both in the cytoplasm and in mitochondria,
which is in line with the literature data on the subcellular
localization of the enzyme under study [16].

A slight increase in the LDH activity in the mito-
chondria of the rats with alloxan-induced diabetes may
be associated with the cell’s need for additional energy
to adapt the body to oxidative stress caused by alloxan
administration. In addition, it is known that acceleration
of mitochondrial oxidation of lactic acid is observed
with intensive development of the nervous system, food
deprivation, and physical overstrain [17]. The reliability
of the data obtained was confirmed by the determina-
tion of cross-contamination with succinate dehydroge-
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nase (mitochondrial enzyme) and alcohol dehydroge-
nase (cytoplasmic marker), which was approximately
11-14%. This fact testifies to the successful separation
of factions.

Four isoforms of the enzyme were found in the kidney
cells of both groups of animals when studying the iso-
enzyme composition of LDH. The increase in the LDH
activity in DN may not be associated with the synthesis
of additional forms of the enzyme, but is a consequence
of the redistribution of the activity rate between the ex-
isting isoforms. Interestingly, in the cytoplasmic fraction
of both intact (healthy) rats and animals with prolonged
alloxan intoxication, the presence of four forms of the
enzyme is also observed. At the same time, only two iso-
forms were found in the mitochondria.

The analysis of the level of gene expression revealed
the relationship of this parameter (» = 1) with the LDH
activity in rat kidney cells under normal and pathological
conditions. The increase in the rate of LDH activity in the
kidneys of the rats with prolonged alloxan intoxication
is likely associated with the increase in the transcription
rate of genes encoding subunits A and B of this enzyme.

CONCLUSION

Induction of prolonged alloxan intoxication allowed
to determine a number of biochemical disorders (the
level of protein excretion in the urine increased by 3.6
times (from 8.01 to 28.94 mg / day; p < 0.03), creatinine
clearance — by 1.64 times (3.05 and 1.83 ml / min / kg;
p < 0.05) compared with the control group of animals)
associated with the development of DN against the back-
ground of high blood glucose. The analysis of the LDH
activity showed that this parameter increased by more
than 6 times in the kidneys of the animals with DN com-
pared with the healthy animals.

It may be due to the increase in the concentration of
transcripts of genes encoding subunits A and B of this
enzyme. At the same time, no changes in the isoenzyme
composition of LDH were detected. Increasing LDH ac-
tivity may be necessary to activate renal gluconeogene-
sis, the main substrate for which is lactic acid reabsorbed
in the renal glomeruli [17]. Thus, during the study, we
revealed the increase in the rate of LDH activity in the
kidneys of the rats with DN, which may be associated
with the adaptation of their metabolism to the patholog-
ical condition.
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