Meduyunckas ummynonroeus
2021, T. 23, No 4,

cmp. 761-766

© 2021, CII6 PO PAAKH

Medical Immunology (Russia)/
Meditsinskaya Immunologiya
2021, Vol. 23, No 4, pp. 761-766
© 2021, SPb RAACI

W3MEHEHWE NEYEHOYHOW 3KCMNPECCUWU FEHA SOD1
B MATONEHE3E HAXBI NMPU OXKUPEHUU
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DIAOY BO «barmuiickuii pedepanvruiii ynusepcumem umenu Ummanyunsa Kanma», e. Kaaununepad, Poccus

Pestome. CteaTo3 B IIeUeHU IIPU OXKUPEHUM YBEIMIMBACT pabOTy MUTOXOHAPUI MO YTUJIM3AUY N30BITOU-
HbIX IUNUAOB. [leperpy3ka -oKuUCIeHUS KUPHBIX KUCIOT, LIUKJIA TPUKAPOOHOBBIX KUCIOT U OKUCIUTEb-
Horo (ochoprmiMpoBaHus MPUBOINUT K CHUKEHUIO YpOoBHS AT® 1 MOBBIIEHUIO 00pa30BaHNsI aKTUBHBIX
dopM Kucaopoaa. B Hopme, MUTOXOHAPUU CITOCOOHBI 3(h(DEKTUBHO YIAJISTh MOBBIILIEHHbIN YPOBEHb aKTHB-
HBIX (DOPM KHCJIOpOAa C MOMOIIbIO AHTUOKCUIAHTHONH CUCTEMbI U METa0OJIMYECKON aganTaluu KIETKU K
U3MEHEHHBIM ycioBuUsM. Llenbio faHHOTO UcciienoBaHUS IBUJIOCh U3YYEHUE POJIU MTEYEHOUHOM SKCIIPECCUU
SOD B naroreneze HAKDBII npu oxupeHnu. Bbu1o BBISIBIEHO, UTO YPOBEHb 3KcTipeccuu SOD B rie4eHu y
GosbHBIX oxxupeHueM ¢ 1 6e3 CJ 2 tuna ¢ UMT > 40 kr/M? ObLT HIKE, YEM Y 300POBBIX JOHOPOB. Yncio
kornuii mutoxoHapuanbHoit JJHK (MTIHK) B neyeHu y Bcex 60JbHBIX OXKMPEHUEM ObLIIO HUXE OoJiee YeM B
IIBa pa3a OTHOCUTEIBHO 3HAUYCHMI KOHTPOIbHOM IpyIIbl. B meueHn y 601bHBIX oxkupeHneM 0e3 CJI 2 tumna
ypoBeHb 6esika SOD1 u yncio kormmit MTJIHK 0b111 B3aMMOCBsI3aHBI MEXKIy COOO0I 1 OTpULIATEIIHHO KOppe-
JIMPOBAJIM C TUIOIIAAbIO XXUPOBBIX BKIIIOUeHMI. TakuM 00pa3om, y 00JIbHBIX OXKMPEHUEM CHIDKEHUE aHTHUOK-
CUIAHTHOM 3allMTHI B IICYSHU TIPUBOIUT K YSI3BUMOCTH MUTOXOHAPUIA, YTO, B CBOIO OYEPeb, CITIOCOOCTBYET
MPOrpecCUPOBAHUIO CTeaTO3a ¥ MHCYJIMHOPE3UCTEHTHOCTH.

Karouesvie crosa: oxcupenue, CJl 2 muna, cynepoxcudducmymasa, mmIHK, neuenv, cmeamo3s

HEPATIC SOD1 GENE EXPRESSION CHANGES IN THE NAFLD
PATHOGENESIS IN OBESITY

Komar A.A, Shunkina (Skuratovsvkaia) D.A., Vulf M.A,, Vu H.Q,,
Todosenko N.M., Zatolokin P.A., Kirienkova E.V. Gazatova N.D.,
Litvinova L.S.

Immanuel Kant Baltic Federal University, Kaliningrad, Russian Federation

Abstract. Steatosis in the liver in obesity increases the work of mitochondria to utilize excess lipids. An
overload of B-oxidation of fatty acids, the tricarboxylic acid cycle, and oxidative phosphorylation leads to a
decrease in ATP and an increase in the formation of reactive oxygen species. Normally, mitochondria can
efficiently remove elevated levels of reactive oxygen species using the cell's antioxidant system and metabolic
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adaptation to altered conditions. This study aimed to investigate the role of hepatic SOD expression in the
pathogenesis of NAFLD in obesity. It was found that the level of SOD expression in the liver in obese patients
with and without type 2 diabetes with a BMI > 40 kg/m? was lower than in healthy donors. The copy number
of mitochondrial DNA (mtDNA) in the liver in all obese patients was more than two times lower than in the
control group. In the liver of obese patients without type 2 diabetes, the SOD1 protein level and the mtDNA
copy number were interrelated and negatively correlated with the area of fatty inclusions. Thus, in obese
patients, a decrease in antioxidant defense in the liver leads to the vulnerability of mitochondria, which, in
turn, contributes to the progression of steatosis and insulin resistance.

Keywords: obesity, T2DM, superoxide dismutase, mtDNA, liver, steatosis
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Introduction

Insulin resistance, oxidative stress, and inflam-
mation play a central role in the non-alcoholic fatty
liver disease (NAFLD) pathogenesis [3] liver cancer,
and indications for orthotopic liver transplantation.
Given its high prevalence, the absence of FDA-
approved drugs for NAFLD is noticeable. In the
pathogenesis of NAFLD, it is well known that
mitochondrial dysfunction arises as a result of changes
in ETC complexes and the membrane potential (Aym.
Although the pathogenesis of lipid accumulation in the
liver has been described, the molecular mechanisms
behind transition of steatosis to inflammation and
fibrosis are still poorly understood. Decreased abi-
lity to oxidize fatty acids, increased delivery and
transport of free fatty acids (FFA), as well as increased
fatty acid production in the liver are considered
important factors of hepatocyte damage in obesity [3]
liver cancer, and indications for orthotopic liver
transplantation. Given its high prevalence, the absence
of FDA-approved drugs for NAFLD is noticeable. In
the pathogenesis of NAFLD, it is well known that
mitochondrial dysfunction arises as a result of changes
in ETC complexes and the membrane potential (Aym.
Mitochondrial dysfunctionin NAFLD isaccompanied
by incomplete/suboptimal fat oxidation, which leads
to the accumulation of toxic lipid intermediates such
as ceramides and diacylglycerol, which can cause
inflammation and disrupt insulin signaling [6]. Also,
hepatocyte mitochondrial respiratory chain overload
in obesity promotes formation of reactive oxygen
species (ROS) [6].

In normal physiological conditions, cellular ROS
are found at minimal concentration as byproducts
of aerobic metabolism and secondary messengers in
many signaling pathways. Moreover, there is a stable
balance between prooxidants and antioxidants in
normal physiological conditions [4]. However, while
rate of free radical formation exceeds the capacity

of antioxidant protection, oxidative stress develops,
followed by seriousdamagetothe cellularapparatus|[4].
The cell has several defense and repair mechanisms
counterbalancing oxidative stress. However, it has
been shown that antioxidant enzymes superoxide
dismutase (SOD), catalase, glutathione (GSH),
glutathione peroxidase (GSHPx), and glutathione
reductase (GSHR) exhibit decreased activity in
the affected brain areas during neurodegenerative
diseases [5]. It is likely that in NAFLD, the defense
system is also affected and cannot cope with a
large number of errors in lipid metabolism, which
aggravates the disease course and progression. Thus,
the was study aimed to study a role of hepatic SOD/
expression in the NAFLD pathogenesis in obesity.

Materials and methods

166 obese patients were included in the study group.
Of these, 28 patients (9 men, 19 women) with obesity
without type 2 diabetes (T2DM) and body mass index
(BMI) < 40 kg/m? (group 2) (age 42+10 years; BMI
35.2+2.9kg/m?), 47 patients (14 men, 33 women) with
obesity without T2DM and BMI > 40 kg/m? — group 3
(age 45%9 years; BMI 48.6%8.0 kg/m?). Groups 4 and
5 included obese patients with T2DM — 21 patients
(8 males, 13 females) with BMI < 40 kg/m? (age
46110 years; BMI 36.5+3.0 kg/m?) and 45 patients
(12 males, 33 females) with a BMI > 40 kg/m? (age
48+8 years; BMI 50.2+8.2 kg/m?). 25 (15 males;
10 females) apparently healthy donors with normal
anthropometric and biochemical parameters (age
38+9 years; BMI 22.7£3.7 kg/m?) were included
in the control group (group 1). These groups were
age- and sex-comparable. The diagnosis of T2DM
was established based on examination at specialized
hospital, guided by the diagnostic criteria for diabetes
mellitus and other types of hyperglycemia of the
World Health Organization (1999-2013) (IDFE, 2013).
Venous blood (Vacuette with a clot activator or EDTA)
samples were used for biochemical and serological
assays. Liver biopsies were collected during elective
bariatric surgery and used to study gene expression,
protein production, mitochondrial DNA (mtDNA),
and histological analysis. Voluntary informed consent
for the study was signed and provided by all patients.
Permission to conduct the study was obtained from
the local ethics committee (Protocol No. 2 of IKBFU,
March 6, 2017).
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The serum glucose level was determined on an
automatic biochemical analyzer CA-180 (FURUNO
ELECTRIC CO., LTD, Japan), using commercial
kits (Dia-m, Russia). Plasma insulin levels were
determined by flow fluorimetry using commercial
test systems (Bio-Plex, Pro Human Diabetes 10-Plex
Assay, Bio-Rad, USA) on an automated analyzer
(Bio-Plex® 200 Systems, Bio-Rad, USA) and Bio-
Plex Manager software (Bio-Rad, USA). Insulin
values were converted from pg/ml to miU/ml by
using an online calculator (http://www.endmemo.
com/medical/unitconvert/Estradiol.php). The insulin
resistance index was calculated by using an online
software  (https://www.omnicalculator.com/health/
homa-ir).

Total RNA from liver biopsies was isolated by using
the ExtractRNA reagent (Evrogen, Russia). Reverse
transcription of RNA samples was performed using
the MMLV RT kit (Evrogen, Russia). Complementary
DNA (cDNA) synthesis was performed according to
the manufacturer’s protocol. SODI1 gene expression
was determined by quantitative PCR using gPCRmix-
HS reagents (Evrogen, Russia) on a CFX96 amplifier
(Bio-Rad, USA). Protein fraction from liver bio-
psies was isolated by using RIPA buffer (RIPA
Buffer, Termo Scientific, USA), and concentration
measurement was performed by the Bradford method
(BCA Protein Assay Kit, ThermoFisher, USA). Semi-
quantitative analysis of protein production in liver
biopsies was performed by running immunoblotting
assay to confirm results of gene expression. Semi-
quantitative protein measurement was carried out
by using specific monoclonal antibodies to SOD1
(Invitrogen, USA) and GAPDH (Thermo Fisher,
USA); and blotting systems (Mini-PROTEAN Tetra
Systems, Trans-Blot Turbo, Bio-Rad, USA). The
target proteins were detected on a ChemiDoc MP
Imaging System (BioRad, USA). Membrane images
were analyzed using the software Imagelab, Bio-
Rad. The liver mtDNA copy number was estimated
by Droplet Digital PCR (ddPCR) using the QX200
Droplet Digital PCR System (BioRad, USA). A
detailed protocol is available in study published earlier
(https://pubmed.ncbi.nlm.nih.gov/29429383/).

The data were analyzed for normal distribution
using the Kolmogorov-Smirnov test. Differences were
assessed using Student’s t-test for normal distribution
(two groups, parametric test) and Mann-Whitney test
for abnormal distribution (two groups, nonparametric
test). Data are presented as mean and standard
deviation as well as median and 25%-75% quartiles.
The analysis of relationship between two variable was
carried out using the Spearman correlation method.
Statistical significance was set at p < 0.05 level.

Results and discussion

NAFLD is a liver disease that begins with steatosis
and progresses to non-alcoholic steatohepatitis,
fibrosis, cirrhosis, and hepatocellular carcinoma [6].
The liver is central to the intermediate metabolism

of glucose, lipids, and ketones, which are needed to
meet the energy requirements in peripheral tissues,
heart, and brain. Triglycerides and free fatty acids
accumulate in excess in the liver during obesity and
insulin resistance, which leads to the formation
of lipid droplets in hepatocytes. In turn, steatosis
increases [-oxidation of fatty acids, induces the
tricarboxylic acid cycle, and stimulates oxidative
phosphorylation [6]. Overloading these processes
leads to decreased ATP level, increased formation
of reactive oxygen species (ROS), and excessive
fat deposition [6]. Oxidative stress is one of the key
mediators of liver damage and is the main contributor
to the progression from steatosis to steatohepatitis [ 1].
In normal physiological conditions, mitochondria
can efficiently remove elevated ROS levels via the
antioxidant system and cell metabolic adaptation to
altered conditions [1]. However, ROS production is
too high so that compensatory mechanisms cannot
cope with such a load during NAFLD. Superoxide
dismutase-1 (SOD1) is a well-known intracellular
antioxidant enzyme. Intracellular SOD1 (cytosolic
Cu/ZnSOD) is a homodimer (32 kDa) mainly
localized in the cytosol, aswell asin the intermembrane
space of mitochondria [2] especially superoxide
anion (O2 +—. Presumably, SOD1 may play a role in
NAFLD. Thus, monitoring changes in hepatic SOD1
expression in NAFLD will help to understand the
antioxidant system state.

Plasma glucose levels in obese patients without
T2DM with BMI <40 kg/m?exceeded those in control
group (p = 0.006) (Table 1). Plasma glucose levels in
obese patients with T2DM (with BMI < 40 kg/m? and
BMI > 40 kg/m?) were significantly higher than in
the control group (p < 0.001), obese patients without
T2DM (p = 0.007 and p < 0.001, respectively) with
BMI < 40 kg/m? and BMI > 40 kg/m? (p < 0.001)
(Table 1). As expected, glucose levels went outside
the reference range (3.9-6.4 mmol/l) only in obese
patients with T2DM (Table 1). Plasma insulin levels in
obese patients without T2DM with BMI > 40 kg/m?
exceeded those in control group (p = 0.003) (Table 1).
Plasma insulin levels in obese patients with T2DM
(with BMI < 40 kg/m? and BMI > 40 kg/m?) were
significantly higher than in the control group
(p < 0.001), obese patients without T2DM (p = 0.01
and p = 0.03, respectively) with BMI < 40 kg/m? and
BMI > 40 kg/m? (p = 0.004 and p = 0.02, respectively)
(Table 1). Similar differences between groups were
found for the HOMA-IR index (Table 1).

Inthisexperiment, the liver histological analysis was
carried out to determine the area of lipid droplets and
inflammation by counting number of lymphocytes.
The area of lipid droplets in the liver of obese patients
without T2DM with BMI < 40 kg/m? significantly
exceeded that one in control group (p = 0.03)
(Table 1). The area of lipid droplets in the liver of
obese patients with T2DM (with BMI < 40 kg/m? and
BMI > 40 kg/m?) was significantly higher than that in
control group (p < 0.001) and obese patients without
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TABLE 1. STUDIED PARAMETERS IN GROUPS

Parameters of studies groups
2 3 4 5
Parameters 1 Obese patients | Obese patients Obese patients Obese patients
Control group without type 2 without type 2 with type 2 with type 2
diabetes with diabetes with diabetes with diabetes with
BMI < 40 kg/m? BMI > 40 kg/m? BMI < 40 kg/m? BMI > 40 kg/m?
502.2 262.2
Insulin 45,99 93.42 6779237.10) | pi20001 | g 20001
(pg/ml) (39.26-61.25) (44.41-170.50) b, = 0.003 b, = 0.01 b, = 0.03
p; = 0.004 p; = 0.02
6.83 7.09
5.66 (5.61-9.38) (5.92-9.74)
glucose 5.05 (4.87-6.48) 5.14
.87-6. p; < 0.0001 p, < 0.001
(mmol/l) (5.30-5.51) b, = 0.006 (4.71-6.08) p; =0.007 p; <0.001
p; = 0.0002 p; < 0.001
52.00
127.90
. (30.22-211.00)
hOMA-IR 6.15 13.11 (11 ég_gg 41) (48'7Z g%%150) p; < 0.001
(c. u.) (4.55-8.30) (5.99-22.68) p. <0 0-01 21 = 0.006 p, = 0.007
T p2 = 0.004 p; = 0.01
o p, =0.03
19.17
22.24
area of lipid 3.37 277 29.46) 4.10 (16.78-25.46) (11.37-522)
droplets (%) (1.84-5.26) p.1 _ 0.0'3 (2.20-7.98) p, <0.001 S; < 0:003
P, < 0.001 P, < 0.001
75.00 127.00
lymphocyte 121.00 ( 98.00
- . 50.50-94.50) . (102.00-163.50)
count (92.50-134.50) b, = 0.03 (71.00-137.00) 0, < 0.001
sOD gene 0.91
. 1.01 0.96 0.92 (0.89-0.94) 0.90
expression : . _ : (0.88-0.96)
(c. u.) (0.99-1.03) (0.88-1,06) p, = 0.001 (0.89-1.05) o, = 0.001
1412 711 1390 1035
amounts of 3253 (531-3221) (520-777) (818.3-2072.0) (745-1566)
mtDNA (2097-4280) = 0.002 < 0.0001 p, =0.008 p, < 0.001
Pi=0. Pr=b. p, = 0.005 p, < 0.001

Note. Significance determined using the nonparametric Mann-Whitney test (MeantSD); “p,”, significant differences.

T2DM with BMI > 40 kg/m? (p < 0.001) (Table 1).
It should be noted that the area of lipid droplets
in the liver of obese patients with T2DM with a
BMI < 40 kg/m? vs BMI > 40 kg/m? was significantly
higher (Table 1). Healthy donors showed no signs
of liver inflammation. The number of leukocytes
in the liver of obese patients without T2DM with
a BMI > 40 kg/m? vs BMI < 40 kg/m? was higher
(p = 0.03). The number of leukocytes in the liver of
obese patients with T2DM with BMI > 40 kg/m? vs
BMI < 40 kg/m? was significantly higher (p < 0.001)
(Table 1). The control group showed a normal liver
structure without signs of inflammation. However,
focal liver steatosis (small- and medium-droplet)
and single drops were observed in some healthy do-
nors. Small, medium, and large droplet steatosis
was observed in obese patients without disturbed
carbohydrate metabolism. Hepatocyte dystrophy and
karyolysis was found in 40% and 17%, respectively.

Intracellular cholestasis and signs of inflammation
(lymphocyte infiltration) were detected in 41.6% and
58% of patients, respectively. At the same time, 30%
subjects had no steatosis or single drops similar to
the control group. Small, medium, and large droplet
steatosis was observed in obese patients with impaired
carbohydrate metabolism. Hepatocyte dystrophy was
observed in almost all patients (93.75%), whereas
karyolysis manifestations in lower percentage (62.5%).
Intracellular cholestasis and lymphocytic infiltration
were detected in 81.25% of patients. Thus, steatosis
and inflammation progressed with increased BMI and
developing insulin resistance.

In this study, the level of SODI gene expression in
the liver of obese patients with and without T2DM
with BMI > 40 kg/m? was significantly lower than in
healthy donors (Table 1), which indicates reduced
antioxidant protection along with increased BMI.
Positive correlations were found between the SODI
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A SOD1

2 3
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Figure 1. SOD1 protein production in the liver

12 3 1 2 3

GAPDH, 37 kDa " s s s —m

SOD1,32kDa " qmm e M - —

Note. 1, healthy donors; 2, obese patients without T2DM; 3, obese patients with T2DM. A, production of SOD1 protein in the liver, normalized to
the reference protein GAPDH in three groups. B, chemiluminescence images of SOD1 and GAPDH proteins in the liver.

expression and BMI (r = 0.74) as well as between
the SOD1 expression and mtDNA (r = 0.65) in the
control group. Consequently, in normal physiological
conditions in the liver, mitochondria begin to function
vigorously in response to an excessive FFA intake
with increased BMI. In turn, elevated B-oxidation
activates the antioxidant mechanisms of the cell
defense against high ROS levels, which are formed
due to errors in electron transfer in the mitochondrial
respiratory chain. A negative correlation between the
SOD1 expression and the index of insulin resistance
HOMA-IR (r = -0.61) was found in obese patients
without impaired carbohydrate metabolism. Thus, the
likelihood of developing insulin resistance increases
along with decreased antioxidant protection.

We also performed a semi-quantitative analysis
of SODI1 protein level in the liver. Thus, the value
of densitometry of the SODI1 protein relative to the
reference GAPDH protein in the liver in healthy
donors was 1.6x1.3 c¢. u., 1.6£1.2 c¢. u. in obese
patients without T2DM and 1.5%£0.9 c. u. in obese
patients with T2DM (Figure 1). A negative correlation
between the production of SOD1 protein and the area
of lipid droplets in the liver was found in obese patients
without T2DMconfirming the theory about decreased
activity of the antioxidant system in obesity.

Aspreviously mentioned, changesin mitochondrial
structure and function are considered as a key hal-
Imark of NAFLD [3] liver cancer, and indications
for orthotopic liver transplantation. Given its high
prevalence, the absence of FDA-approved drugs for
NAFLD is noticeable. In the pathogenesis of NAFLD,
it is well known that mitochondrial dysfunction arises
as a result of changes in ETC complexes and the
membrane potential (Aym. The results obtained using
electron microscopy showed that mitochondria were
enlarged and the mitochondrial matrix contained
paracrystalline inclusions in mice with altered fatty
acid oxidation and hepatic steatosis [7].

MtDNA is most susceptible to ROS effects since
it is located near the site of ROS production [7].
Consequently, mtDNA will be more susceptible to
ROS when the activity of the antioxidant system de-

creases. In this experiment, the amount of mtDNA
in the liver in all groups was significantly lower in
comparison with healthy donors (p < 0.05) (Table 1).
The amount of mtDNA in the liver of obese patients
without T2DM with BMI > 40 kg/m? was significantly
lower than in obese patients with T2DM with
BMI < 40 kg/m? (p = 0.005) and BMI > 40 kg/m?
(p < 0.001) (Table 1). A negative correlation
between the amount of mtDNA and the area of lipid
droplets in the liver was found in healthy donors
(r = -0.71) and obese patients without impaired
carbohydrate metabolism (r = -0.46). This proves
that in normal physiological conditions, the amount
of mtDNA increases along with increasing steatosis
to compensate for excess FFA levels. However, this
process is disrupted in obesity. A negative correlation
between the amount of mtDNA in the liver and
the plasma insulin level (r = -0.53) and the insulin
resistance index HOMA-IR (r = -0.54) was found in
obese patients with T2DM. A decrease in the amount
of mtDNA in the liver may lead to the development
of T2DM.

Thus, a decrease in liver antioxidant defense in
obese patients leads to mitochondrial vulnerability,
which contributes to steatosis progression.

Conclusion

1) The expression SODI and the number of
mtDNA copies in the liver of obese patients with and
without T2DM with BMI > 40 kg/m? is lower than in
healthy donors.

2) The SODI protein level and the number
of mtDNA copies are interrelated and negatively
correlate with the area of lipid droplets in the liver of
obese patients without T2DM.

3) The number of mtDNA copies is negatively
associated with the plasma insulin level and HOMA -
IR index in patients with T2DM.

4) A decrease in antioxidant protection in the
liver leads to the vulnerability of mitochondria in
obese patients, contributing to the progression of
steatosis and insulin resistance.
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