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Accumulating evidence raises the hypothesis that dysregulation of different intrinsic
mechanisms which control most metabolic processes are involved in the development
of obesity, metabolic syndrome and type 2 diabetes mellitus, the most profound public
health problems. Angiogenesis is an important component of different proliferative pro-
cesses, in particular, fat tissue growth. Moreover, dysregulation of molecular compo-
nents of the angiogenesis system can contributes to the development of diabetic com-
plications. We have studied the expression levels of genes related to regulation of an-
giogenesis (TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS2, THBS3, ADAMTSS5, LUM,
DCN, IL6 and ZEBT) in subcutaneous adipose tissue of obese individuals as well as
obese patients with impaired glucose tolerance (prediabetic) and type 2 diabetes using
real-time quantitative PCR. We have shown that the expression level of most of these
genes with anti-angiogenic properties significantly increases in subcutaneous adipose
tissue of obese individuals versus lean patients, being more intense for TIMP1, TIMP2,
THBS2 and LUM genes. Increased expression level of TIMP1, TIMP2, TIMP3, AD-
AMTSS5 as well as THBS1 and THBSZ2 in adipose tissue was found in obese patients
with impaired glucose tolerance. At the same time, expression of genes which encode
for TIMP1 and TIMP2 strongly decreased in adipose tissue of obese individuals with
type 2 diabetes versus subjects with glucose intolerance. Results of this study provide
strong evidence that expression of genes mostly related to suppression of angiogenesis
is dysregulated in adipose tissue of obese individuals as well as in obese patients with
glucose intolerance and type 2 diabetes. It is possible that these changes in the expres-
sion of TIMP and THBS genes in adipose tissue in obesity as well as in obese individu-
als with impaired glucose tolerance and type 2 diabetes can contribute to fat tissue
storage, insulin resistance and the development of diabetic complications.

Keywords: mRNA expression, TIMP1, TIMP2, TIMP3, THBS1, THBS2, ADAMTS5,
LUM, DCN, ZEB1, human adipose tissue, obesity.
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INTRODUCTION

Accumulating evidence raises the hypothesis that dysregulation of different intrin-
sic mechanisms which control most metabolic processes are involved in the develop-
ment of obesity, metabolic syndrome and type 2 diabetes mellitus, the most profound
public health problems. Angiogenesis is an important component of different prolifera-
tive processes, in particular, fat tissue growth. Moreover, dysregulation of molecular
components of the angiogenesis system can contributes to the development of dia-
betic complications. Recently, a number of studies have provided support for a link
between the altered sleep/wake patterns, namely the circadian clock, and obesity [1-3].
Biological rhythms are an integral component of essentially all aspects of life and regu-
late many physiological functions, including metabolism, insulin sensitivity and cellular
proliferation and its dysregulation involved in the development of obesity, metabolic
syndrome as well as type 2 diabetes mellitus [4—6]. Moreover, obesity is a well-known
risk factor for the development of insulin resistance and secondary complications such
as type 2 diabetes.

Adipose tissue growth is tightly associated with cell proliferation processes and
angiogenesis regulated by different factors and are tightly interconnected; however, the
vascular endothelial growth factor (VEGF) is a key factor which activity depends upon
many factors. Special interest represents matrix proteins with pleiotropic roles which are
linked to human obesity and diabetes complications because to reveal anti-angiogenic
properties and appear to regulate cell growth and apoptosis [7—11].

Thrombospondin 1 (THBS1 or TSP1) is an adhesive glycoprotein that mediates
cell-to-cell interactions, has anti-angiogenic properties and inhibits of cell growth [7]. It
was shown that decorin (DCN) which antagonizes the angiogenic network induces the
expression of thrombospondin-1 and tissue inhibitor of matrix metalloproteinase 3
(TIMP metallopeptidase inhibitor 3; TIMP3), but inhibits vascular endothelial growth fac-
tor A (VEGFA) [8]. It has recently been shown that endothelial nitric oxide synthase
controls the expression of the angiogenesis inhibitor thrombospondin 2 and ADAM me-
tallopeptidase with thrombospondin type 1 motif, 5 (ADAMTSS5) [9, 10].

There are four genes encoding tissue inhibitor of matrix metalloproteinase (TIMP1,
TIMP2, TIMP3 and TIMP4) with different regulatory properties. TIMP1 is able to pro-
mote cell proliferation in a wide range of cell types, and may also have an anti-apoptotic
function. At the same time, TIMP1 is a potent inhibitor of tumor growth and angiogenesis
and is involved in cell adhesion and migration. It also controls adipogenesis in obesity
both in mice and in humans as a negative regulator [11]. TIMP2 thought to be a metas-
tasis suppressor and has a unique role among TIMP family members in its ability to di-
rectly suppress the proliferation of endothelial cells.

Moreover, Dews et al. [12] have shown that enhanced neovascularization corre-
lated with downregulation of anti-angiogenic thrombospondin-1 and related proteins,
such as connective tissue growth factor (CTGF), besides that both THBS1 and CTGF
are predicted targets for repression by the miR-17-92 microRNA. Moreover, VEGFA
binds connective tissue growth factor and that its angiogenic activity is inhibited in the
VEGFA-CTGF complex form; however, stability of this complex as well as the angio-
genic activity of VEGF depends from matrix metalloproteinases and its inhibitors [13].

It has recently been shown that transcription factor retinoid-related orphan receptor
gamma (RORG) is a negative regulator of adipocyte differentiation and modulates insu-
lin sensitivity in obesity through expression of metalloproteinase 3 and its inhibitors [14].
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The ADAM metallopeptidase with thrombospondin type 1 motif, 5 (ADAMTS5) regu-
lates the fibroblast-myofibroblast transition by maintain optimal versican content [15]. Lu-
mican (LUM), decorin (DCN), interleukin-6 (IL6) and interleukin-1b (IL1B) have also
shown anti-angiogenic properties. Their expression is controlled by zinc finger E-box-
binding homeobox 1 transcription factor (ZEB1), also known as TCF8 [7, 16—19]. DCN is
a small cellular or pericellular matrix proteoglycan and plays a role in matrix assembly. It
is important to note that nuclear localized decorin is capable of suppressing growth as
well as migration and invasion of various tumor cell lines [16, 17]. Moreover, decorin an-
tagonizes IGF receptor | function by attenuating downstream signaling. LUM may regu-
late growth and cell migration as well as angiogenesis. There is data that IL1B stimulates
lumican expression which can modulate TGFB2 activity [18]. Transcription factor ZEB1
likely plays a role in transcriptional repression many genes, including interleukins [19].

Recently was shown that the endothelial dysfunction in diabetes mellitus resulting
in vascular endothelial growth factor resistance despite the presence of functionally ac-
tive VEGF receptor 1 [20].

The endoplasmic reticulum stress is recognized as an important determinant of type
2 diabetes and contributes to the expression profile of many regulatory genes resulting in
peripheral insulin resistance and diabetic complications [21-24]; however, a detailed mo-
lecular mechanism of the development of obesity and type 2 diabetes mellitus in some
representatives of obese individuals is not yet clear and remains to be determined.

The main goal of this work is to study the role of the expression of genes related to
the regulation of angiogenesis (TIMP1, TIMP2, TIMP3, TIMP4, THBS2, THBS3, AD-
AMTSS, LUM, DCN, IL6 and ZEB1) in subcutaneous adipose tissue of obese individu-
als as well as obese patients with impaired glucose tolerance and type 2 diabetes for
evaluation of its significance to the development of human obesity, initial stages of me-
tabolic disease (prediabetes) and type 2 diabetes mellitus.

MATERIALS AND METHODS

Patients’ characteristics. The 24 male subjects participate in the study. They
were divided into four groups (6 men in each group): lean individuals and patients with
obesity, prediabetes and type 2 diabetes mellitus.

Subjects studied were recruited from the patients’ cohort within the LipidomicNet
Project at Institute of Experimental Endocrinology Slovak Academy of Sciences. All par-
ticipants gave written informed consent and the studies were approved by the local re-
search bioethics committees of Institute of Experimental Endocrinology.

Clinical characteristics of the study participants are shown in Table 1. The lean
(control) participants were individuals with mean age 45+8 years and mean body mass
index (BMI) 23+1.4 kg/m?2. The obese participants as well as the patients with prediabe-
tes and type 2 diabetes were individuals with mean age (45+8; 44+7 and 4848 years,
correspondingly) and mean BMI (32+1.4; 34+1.4 and 33+2.4 kg/m?, correspondingly).
Thus, BMI in these groups of patients was significantly higher as compared to lean indi-
viduals (Table 1).

Prediabetes was classified according to the impaired glucose tolerance. Type 2
diabetes was classified according to the WHO (1999) criteria as fasting plasma glucose
>7.0 mmol/l or 2 h glucose >11.1 mmol/l during an oral glucose tolerance test (OGTT).
For this study, some individuals with type 2 diabetes were excluded from the analysis of
quantitative traits.
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Table 1.

Characteristics of the study participants

Tabnuys 1. XapakTepucTUKa Yy4acHUKIB JOCHimKEeHHSA

Variable Lean, NGT | Obese, NGT | Obese, IGT [Obese, diabetes

Age at visit (years) (n) 45+8.3 (6) 45+7.4 (6) 44+7.8 (6) 48+7.1 (6)
Body mass index (BMI) (kg/m?); (n) 23+1.4 (6) | 32+1.4*(6) | 34+1.4*(6) 33+2.4* (6)
Fasting glucose (nmol/l) (n) 4.5+0.22 (6) | 5.0+0.55 (6) | 5.5£0.65(6) | 9.2+3.28" (6)
2 h oral glucose tolerance test (OGTT) | 5 1.4 4 (5 |5.31+1.26* (5)| 7.83:0.9° (6) | 11.3:2.7A (3)
glucose (nmol/l) (n)

Insulin sensitivity index (T; mg/kg/min) (n) | 7.9+1.41 (6) | 5.1£1.65 (6) | 2.7£0.42** (5) | 2.2+0,74** (5)
Fasting triglycerides (nmol/l) (n) 1.0+0.47 (6) | 1.36+0.49 (6) | 2.2+1.07 (6) | 2.5+1.12* (6)
Fasting insulin (ulU/ml) (n) 8.0+2.8 (3) | 9.37+1.6 (3) | 15.242.3* (4) | 20.1£2.2* (6)

Data are means + SEM

NGT — normal glucose tolerance; IGT — impaired glucose tolerance; * — P < 0.05 vs control (lean group);
A — P <0.05 vs obese (NGT) group

Pesynsratv npepctasneni sk M+m

NGT — HopmanbHa TonepaHTHICTb A0 rnoko3u; IGT — nopyLleHa TonepaHTHICTb Ao rnokosu; * — P < 0,05
NopiBHSIHO 3 KOHTponeMm (rpyna xyaux); A — P < 0,05 nopiBHsiHO 3 rpynoto 3 oxumpiHHAM (NGT)

RNA isolation. RNasy Lipid Tissue Mini Kit (QIAGEN, Germany) was used for
RNA extraction from subcutaneous adipose tissue of lean and obese individuals as well
as obese patients with type 2 diabetes and prediabetic traits.

Reverse transcription and quantitative real-time polymerase chain reaction
analysis. The expression levels of genes related to regulation of an angiogenesis (TIMP1,
TIMP2, TIMP3, TIMP4, THBS1, THBS2, THBS3, ADAMTS5, LUM, DCN, IL6 and ZEBT)
were measured in subcutaneous fat tissue by real-time quantitative polymerase chain
reaction of complementary DNA (cDNA). QuaniTect Reverse Transcription Kit (QIAGEN,
Germany) was used for cDNA synthesis. The 7900 HT Fast Real-Time PCR System (Ap-
plied Biosystems), Absolute QPCR SYBRGreen Mix (Thermo Scientific, UK) and pair of
primers specific for each studied gene (Sigma, USA) were used for quantitative poly-
merase chain reaction. Sequences of these primers are shown in Table 2.

The expression of beta-actin mMRNA was used as control of analyzed RNA quantity.
An analysis of quantitative PCR was performed using special computer program ,Dif-
ferential expression calculator” and statistical analysis — in Excel program. Results are
represented as % of control (lean individuals) and are the means + SEM for six different
samples.

The amplified DNA fragments were analyzed on a 2% agarose gel and that visua-
lized by 5x Sight DNA Stain (EUROMEDEA).

RESULTS

In this study we have analyzed the expression levels of four genes encoded tissue
inhibitor of matrix metalloproteinase (TIMP metallopeptidase inhibitor; TIMP1, TIMP2,
TIMP3 and TIMP4), three genes encoded thrombospondin (THBS1, THBS2 and
THBS3), ADAM metallopeptidase with thrombospondin type 1 motif, 5 (ADAMTS5), lu-
mican (LUM), decorin (DCN), interleukin 6 (IL6) and transcription factor ZEB1 in adi-
pose tissue from four groups of participants: lean (control), obese with normal glucose
tolerance test (NGT), obese with impaired glucose tolerance (IGT; prediabetes) and
obese individuals with type 2 diabetes.
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Table 2. Characteristics of the primers used for quantitative real-time polymerase chain
reaction

Tabnuys 2. XapaktepucTuka npanmepiB, BUKOPUCTAHUX ANA KiNbKiCHOT noniMepa3Hoi naH-
LIOroBoi peakuii y peanbHomy 4aci

Gene - Nucleotide numbers GenBank
Primer’s sequence . .
symbol in sequence accession number
TIMP1 F: 5-AATTCCGACCTCGTCATCAG 301-320 NM_003254
R: 3-TGCAGTTTTCCAGCAATGAG 530 - 511
TIMP2 F: 5-GATGCACATCACCCTCTGTG 665-684 NM_003255
R: 3'-GTCGAGAAACTCCTGCTTGG 950-931
TIMP3 F: 5-CTGACAGGTCGCGTCTATGA 1496-1515 NM_000362
R: 3'-GGCGTAGTGTTTGGACTGGT 1735-1716
TIMP4 F: 5-CAGACCCTGCTGACACTGAA 696-715 NM_003256
R: 3'-AGACTTTCCCTCTGCACCAA 954-935
THBS1 F: 5-TTCTACGAGCTGTGGCAATG 1352-1371 NM_003246
R: 3-TTTCTTGCAGGCTTTGGTCT 1637-1618
THBS? F: 5'- AGCGTCAGATGTGCAACAAG 1864-1883 NM_003247
R: 3'-CTTGTCCTTGCATGGGTTTT 2213-2194
THBS3 F: 5'-GCCTTCAATGGTGTGGACTT 2416-2435 NM_007112
R: 3~ AGTATGCCACAGGGCATTTC 2661-2642
ADAMTSS5 | F: 5-GCCTGGAAGTGAGCAAGAAC 1709-1728 NM_007038
R: 3'-TTTCGTGAGCCACAGTGAAG 1963-1944
LUM F: 5-TGATCTGCAGTGGCTCATTC 659-678 NM_002345
R: 3'-AAAAGAGCCCAGCTTTGTGA 854-835
DCN F: 5'-AATTGAAAATGGGGCTTTCC 978-997 NM_001920
R: 3'-GCCATTGTCAACAGCAGAGA 1197-1178
IL6 F: 5'-AAAGAGGCACTGGCAGAAAA 360-379 NM_000600
R: 3'-CAGGGGTGGTTATTGCATCT 618-599
ZEB1 F: 5-TGCACTGAGTGTGGAAAAGC 787-806 NM_030751
R: 3'-TGGTGATGCTGAAAGAGACG 1023-1004
ACTB F: 5-GGACTTCGAGCAAGAGATGG 747-766 NM_001101
R: 3'~AGCACTGTGTTGGCGTACAG 980-961

As shown in Table 1, obese individuals have significantly higher body mass index
(BMI), which is a main criteria of obesity, and lower insulin sensitivity index. In obese
patients with impaired glucose tolerance, versus obese subjects with normal glucose
tolerance, the 2 h oral glucose tolerance test (OGTT), fasting triglycerides and fasting
insulin levels significantly increased, but decreased insulin sensitivity index (Table 1).
This data clearly demonstrated that this group of patients has insulin resistance and im-
paired glucose tolerance. The group of obese individuals with type 2 diabetes has a
significantly higher level of fasting glucose (9.2+1.34 mmol/l) and of 2 h oral glucose
tolerance test (11.3+£1.57 mmol/l) as compared to all other groups of patients as well as
fasting insulin and triglycerides level, but decreased insulin sensitivity index as compared
to lean or obese patients with normal glucose tolerance (Table 1). Thus, the group of
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obese individuals with type 2 diabetes corresponds to the WHO (1999) criteria as fasting
plasma glucose >7.0 mmol/l or 2h glucose >11.1 mmol/l during an OGTT.

As shown in Fig. 1, the expression level of TIMP1 and TIMP2 mRNA in subcuta-
neous adipose tissue of the obese individuals with normal glucose tolerance signifi-
cantly increases as compared to the control (lean) subjects: +56% and +183%, corres-
pondingly; however, in obese patients with impaired glucose tolerance (IGT) the expres-
sion was higher as compared both to the lean subjects and obese individuals with nor-
mal glucose tolerance. At the same time, the expression level of TIMP1 and TIMP2
mRNA in subcutaneous adipose tissue of obese individuals with type 2 diabetes strong-
ly decreases (3.6 and 2.3 fold, correspondingly) as compared to the group of obese
subjects with glucose intolerance (Fig. 1).
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Fig. 1. The expression level of TIMP metallopeptidase inhibitor 1 and 2 (TIMP1 and TIMP2) mRNA in subcu-
taneous adipose tissue of lean and obese individuals as well as in obese patients with prediabetic
traits (IGT) and type 2 diabetes. The values of TIMP1 and TIMP2 mRNA expressions were normalized
to the expression of beta-actin mMRNA and are represented as a percent of control (Lean, 100%). Data
is expressed as mean + SEM of values from each group; * — P < 0.05 vs group of lean individuals;
+ — P < 0.05 vs group with obesity and normal glucose tolerance test (NGT); # — P < 0.05 vs group
with obesity and impaired glucose tolerance test (IGT)

Puc. 1. PiBeHb ekcnipecii MPHK iHribitopa metanonentugasu TIMP 1 1a 2 (TIMP1 ta TIMP2) y nigwwkipHin
XKMPOBIV TKaHWUHI XyAnX MIoAeN i 3 OXUPIHHAM, @ TaKoX Y NauieHTIB 3 OXUPIHHAM Ta O3Hakamu npe-
piabety (IGT) abo giabety 2-ro Tuny. 3HayeHHs ekcnpecii MPHK TIMP1 ta TIMP2 HopmanisyBanu Ha
ekcnpecito MPHK 6eTa-akTuHy i Bupaxanu sik BiiCOTOK Big, KoHTporto (xyai, 100%). aHi Bupaxanu sik
M+m gns koxHoi rpynm (n = 6); * — P < 0,05 nopisHaHO 3 rpynoto xyaux; + — P < 0,05 nopiBHsHO
3 rpynoto, WO Manm OXWPIHHA Ta HOpManbHWI roko3o-TonepaHTHuin Tect (NGT);, » — P < 0,05
MOPIBHSHO 3 rPYMOI0 3 OXXMPIHHSIM Ta NOPYLLEHUM [T1t0K030-TorepaHTHum Tectom (IGT)

Significantly less changes were observed in the expression level of TIMP3 mRNA in
subcutaneous adipose tissue of obese patients with normal glucose tolerance (+36%);
however, in obese individuals with impaired glucose tolerance the expression of this gene
was increased in 2.3 fold as compared to obese individuals with NGT (Fig. 2). At the same
time, no significant changes were found in TIMP4 gene expression in adipose tissue of
obese individuals both with normal glucose tolerance and type 2 diabetes (Fig. 2).

As shown in Fig. 3, in subcutaneous adipose tissue of obese men with normal glu-
cose tolerance the expression level of genes, which encode for thrombospondin-1 and
thrombospondin-2, also increases as compared to lean individuals, being more intense
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for THBS2; however, in obese patients with impaired glucose tolerance the expression
level of THBS1 gene increases more strongly than THBS2 in comparisson to the group
of obese subjects with normal glucose tolerance. At the same time, no significant chang-
es were found in THBS3 gene expression in subcutaneous adipose tissue of obese in-
dividuals with normal glucose tolerance versus lean subjects, glucose intolerance; how-

ever, leads to an increase of this gene expression (Fig. 4).
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Fig. 2. The expression level of TIMP metallopeptidase inhibitor 3 and 4 (TIMP3 and TIMP4) mRNA in subcu-
taneous adipose tissue of lean and obese individuals as well as in obese patients with prediabetic
traits (IGT). The values of TIMP3 and TIMP4 mRNA expressions were normalized to the expression
of beta-actin mMRNA and are represented as a percent of control (Lean, 100%). Data is expressed as
mean + SEM of values from each group; * — P < 0.05 vs group of lean individuals; + — P < 0.05 vs
group with obesity and normal glucose tolerance test (NGT)

Puc. 2. PiBeHb ekcnipecii MPHK iHribitopa metanonentugasu TIMP 3 ta 4 (TIMP3 ta TIMP4) y nigLwkipHin
XKMPOBIV TKaHWHI XyauX Fflogen i 3 OKMPIHHAM, a TakoX Y NauieHTiB 3 OXXMPIHHAM Ta O3Hakamu npe-
piabety (IGT). 3HauveHHsi ekcnpecii MPHK TIMP3 ta TIMP4 HopmanidyBanu Ha ekcnpecito MPHK
GeTa-aKTUHY | BUpaxxanu sik BicoTok Bia koHTponto (xyai, 100%). Aani Bupaxanu sk M+m ans KoxHol
rpynu (n = 6); * — P < 0,05 nopiBHAHO 3 rpynoto xyamx; + — P < 0,05 NOpiBHAHO 3 rpynoto 3 OXMPIHHAM
Ta HopMarnbHUM [MKo30-TonepaHTHUM Tectom (NGT)

We have also studied the expression level of the gene, which encodes for ADAMTSS5,
metallopeptidase with thrombospondin type 1 motif, and have shown that its expression
increases in subcutaneous adipose tissue both in the group of obese men with normal
glucose tolerance and glucose intolerance: +21% and +82%, correspondingly, as com-
pared to the group of lean individuals (Fig. 4).

As shown in Fig. 5 and 6, obesity leads to an increase of the expression level of
genes, encoded the lumican, decorin and interleukin-6, in subcutaneous adipose tissue
versus lean individuals, being more intense for LUM; however, in obese patients with
impaired glucose tolerance the expression level of LUM and IL6 genes decreases, as
compared to group of obese individuals with normal glucose tolerance. At the same
time, glucose intolerance does not significantly change the expression level of DCN
mRNA in adipose tissue (Fig. 6). Analysis of the expression of transcription factor ZEB1
which likely plays a role in transcriptional repression showed that obesity inhibits its
expression and that this expression level of ZEB1 mRNA does not change significantly
in the group of obese individuals both with glucose intolerance and type 2 diabetes mel-
litus (Fig. 6).
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Fig. 3.
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The expression level of thrombospondin 1 and 2 (THBS7 and THBS2) mRNA in subcutaneous adi-
pose tissue of lean and obese individuals as well as in obese patients with prediabetic traits (IGT).
The values of THBS1 and THBS2 mRNA expressions were normalized to the expression of beta-
actin mRNA and are represented as a percent of control (Lean, 100%). Data is expressed as mean +
SEM of values from each group; * — P < 0.05 vs group of lean individuals; + — P < 0.05 vs group with
obesity and normal glucose tolerance test (NGT)

PiBeHb ekcnpecii MPHK tTpombocnoHavHy 1 1a 2 (THBS1 ta THBS2) y niaLwukipHii XMPOBI TKaHWHI Xy-
OVX NOAEN Ta 3 OKUPIHHSAM, @ TakoX Y NaLiEHTIB 3 OXUPIHHSAM Ta o3Hakamu npepiabety (IGT). 3HaueH-
Hs ekcnpecii MPHK THBS1 Ta THBS2 Hopmanidysanu Ha ekcnpecito MPHK 6eTa-akTuHy i Bupaxanm sk
BiACOTOK Bif kKoHTporto (xyAdi, 100%). [aHi Bupaxanu sk M+m gns koxHoi rpynm (n = 6); * — P < 0,05
MOPIBHSIHO 3 rpynoto xyaux; + — P < 0,05 NopiBHAHO 3 FPyro 3 OXUPIHHAM Ta HOPMaribHUM FIOKO30-
TonepaHTHUM TectoM (NGT)
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The expression level of thrombospondin 3 (THBS3) and ADAM metallopeptidase with thrombospondin
type 1 motif, 5 (ADAMTS5) mRNA in subcutaneous adipose tissue of lean and obese individuals as well
as in obese patients with prediabetic traits (IGT). The values of THBS3 and ADAMTS5 mRNA expres-
sions were normalized to the expression of beta-actin mRNA and are represented as a percent of
control (Lean, 100%). Data is expressed as mean + SEM of values from each group; * — P < 0.05 vs
group of lean individuals; + — P < 0.05 vs group with obesity and normal glucose tolerance test (NGT)

PiBeHb ekcnpecii MPHK TpombocnoHavHy 3 (THBS3) i ADAM metanonenTvaasv 5 3 MoTuBomM Tpombo-
cnoHauHy tuny 1 (ADAMTSS) y nigLWKIpHIN XUPOBIM TKaHWHI XyanX MIOAEN Ta 3 OXKMPIHHAM, a Takox
y NaUEHTIB 3 OXXMPIHHAM Ta o3Hakamu npegiabety (IGT). 3HayeHHs ekcripecii MPHK THBS3 i ADAMTS5
HopManisyBanu Ha ekcripecito MPHK 6eTa-akTuHy i Bupaxanu sik BifcoTok Bif KoHTponto (xyai, 100%).
[aHi Bupaxanu sik M+m ans koxHoi rpynu (n = 6); * — P < 0,05 nopiBHsiHO 3 rpynoto xyaux; + — P < 0,05
MOPIBHSIHO 3 FPYNOI0 3 OXMPIHHAM Ta HOPMarbHWUM IMOKO30-TonepaHTHUM TectoM (NGT)
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The expression level of lumican (LUM) and decorin (DCN) mRNA in subcutaneous adipose tissue of
lean and obese individuals as well as in obese patients with prediabetic traits (IGT). The values of
LUM and DCN mRNA expressions were normalized to the expression of beta-actin mRNA and are
represented as a percent of control (Lean, 100%). Data is expressed as mean + SEM of values from
each group; * — P < 0.05 vs group of lean individuals; + — P < 0.05 vs group with obesity and normal
glucose tolerance test (NGT)

PiBeHb ekcnpecii MPHK ntomikany (LUM) ta pekopuHy (DCN) y nigLwKipHiA XUPOBIA TKaHUHI Xyaux
nogen Ta 3 OKUPIHHAM, @ TaKoX Y NaLieHTIB 3 OXXMPIHHSAM Ta o3Hakamu npegiabeTy (IGT). 3HayeHHs
ekcnpecii MPHK LUM T1a DCN HopmanidyBanu Ha ekcnpecito MPHK GeTta-akTuHy i Bupaxanu sik
BiACOTOK Bif koHTponto (xyai, 100%). daHi Bupaxanu sk M+m ans koxHoi rpynu (n = 6); *— P < 0,05
NOpIiBHSHO 3 rpynoto xyamx; + — P < 0,05 nopiBHAHO 3 rpynoto, WO Manu OXMPIHHSA Ta HOpMarbHUM
rntoko3o-tonepaHTHuii TecT (NGT)
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The expression level of interleukin 6 (/L6) and transcription factor zinc finger E-box binding homeobox
1 (ZEBT1) mRNA in subcutaneous adipose tissue of lean and obese individuals as well as in obese
patients with prediabetic traits (IGT). The values of IL6 and ZEBT mRNA expressions were normalized
to the expression of beta-actin mRNA and are represented as a percent of control (Lean, 100%). Data
is expressed as mean + SEM of values from each group; * — P < 0.05 vs group of lean individuals;
+ — P < 0.05 vs group with obesity and normal glucose tolerance test (NGT)

PieeHb ekcnpecii MPHK iHTepnelikiHy 6 (/L6) Ta TpaHckpunuiiHoro dakTopa zinc finger E-box binding
homeobox 1 (ZEBT) y niaLwKipHiii )KMPOBIi TKaHWHI XyAuX Mofen Ta 3 OXMPIHHSAM, a TakoX y naujieH-
TiB 3 OXXMPiIHHAM Ta 03Hakamu npegiabety (IGT). 3HaveHHsi ekcnpecii MPHK /L6 Ta ZEB1 Hopmaniay-
Banu Ha ekcnpecito MPHK GeTa-akTuHy i Bupaxanu sik BiacoTok Big koHTponto (xyai, 100 %). Oani
Bupaxanu sk M+m gns koxHoi rpynu (n = 6); * — P < 0,05 nopiBHsHO 3 rpynoto xyaux; + — P < 0,05
MOPIBHSIHO 3 rPYMOto, L0 Manu OXWUPIHHSA Ta HOPMarbHWUIA rMoKko30-TornepaHTHU Tect (NGT)
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DISCUSSION

In this study, we have demonstrated that obesity is associated with dysregulation of
genes encoded the important regulatory factors which control angiogenesis and growth
processes involved in the development of the obesity, metabolic syndrome and type 2
diabetes mellitus, the most profound public health problems. Angiogenesis is an impor-
tant component of different proliferative processes, in particular, fat tissue growth; how-
ever, angiogenesis can also contribute to the development of diabetic complications.
We have studied the expression of genes mostly related to suppression of an angiogen-
esis in subcutaneous adipose tissue of obese individuals as well as obese patients with
impaired glucose tolerance and type 2 diabetes mellitus. The results of our investigation
have shown that obesity leads to a significant increase of the expression of TIMP1,
TIMP2, TIMP3, THBS1, THBS2, ADAMTSS5, LUM, DCN and IL6 genes in subcutaneous
adipose tissue, besides that, the most significant increase was shown for TIMP1, TIMP2,
THBS2 and LUM genes. These findings are largely consistent with data from previous
studies about the involvement of these genes in the regulation of different proliferative
processes and angiogenesis [7, 15, 16, 18]. Hence, it is possible that these genes are
also involved the development of obesity, metabolic syndrome and type 2 diabetes mel-
litus as well as in the development of diabetic complications and VEGF resistance [8,
13, 14, 20]. Putative model linking the dysregulation of circadian clock system with
obesity and its complications; glucose intolerance and type 2 diabetes mellitus based
on our results is shown in Fig. 7.

It is interesting to note that angiogenesis, like many other biological processes, is
regulated by complex network of different factors which are tightly interconnected. Puta-
tive scheme of angiogenesis regulation by different factors including TIMP1, TIMP2,
TIMP3 and THBS1 as well as pleiotropic functions of TIMP1 and the role of endoplasmic
reticulum stress in angiogenesis is shown in Fig. 8. Thus, thrombospondin-1, a matrix-
bound adhesive glycoprotein, has been shown to modulate tumor progression and up-
regulates tissue inhibitor of metalloproteinase-1 production in human tumor cells and
also up-regulates matrix metalloproteinases MMP-2 and MMP-9 [25]. This data sug-
gested that the balance between matrix metalloproteinases and tissue inhibitors of me-
talloproteinases is a key determinant in different biological effects of THBS1, including
tumor cell invasion, and may provide an explanation for the divergent activities reported
for thrombospondin-1 in tumor progression. Thus, the THBS1 is involved in influencing
the critical balance between MMPs and their inhibitors, maintaining the controlled degra-
dation of the extracellular matrix needed to support metastasis and possibly in obesity
as well as in obesity with impaired glucose tolerance where we find the overexpression
of THBS1.

It is possible that ADAMTSS, LUM, DCN, IL6 and ZEB1 are also included in this
network and the balance between different regulatory factors which participate in the
control of angiogenesis, including vascular endothelial growth factor, a key pro-angio-
genic factor, insulin, insulin-like growth factors, leptin and others, really determinate an
angiogenesis both in obesity and in obesity with glucose intolerance or type 2 diabetes
mellitus. Recently it was shown that the endothelial dysfunction in diabetes associates
with vascular endothelial growth factor resistance and disturbed VEGF-related signal
transduction pathway despite presence of functionally active VEGF receptor 1 on cell
surface from diabetic individuals [52]. Hence, the interpretation of our results of the ex-
pression profile of genes, encoded anti-angiogenic factors mostly with pleiotropic func-
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Fig. 7.
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Putative model linking the dysregulation of the circadian clock system with obesity and its complica-
tions; glucose intolerance and type 2 diabetes mellitus based on our results. The expression of key
circadian factors CLOCK, ARNTL, PER2 and CRY 1, which contribute to regulation of a large array of
metabolic pathways, including cellular proliferation, insulin sensitivity, glucose and lipid metabolism,
are significantly decreased by environmental and/or genetic factors; as consequence dysregulation of
glucose and lipid metabolism by enhancing the expression of TIMP1, TIMP2, TIMP3, THBS1, THBS2
and LUM genes and development of obesity. Obesity with glucose intolerance demonstrated in-
creased expression of TIMP1, TIMP2, TIMP3, THBS1 and ADAMTSS5 and decreased expression of
IL6 and LUM genes. Most of these genes are responsible for control of angiogenesis. Moreover, de-
velopment of type 2 diabetes is associated with suppression of TIMP1 and TIMP2 gene expressions.
Putative role of endoplasmic reticulum stress in the development of type 2 diabetes by modulating the
gene expression is shown. Thus, we identified the changes in gene expressions, which closely related
to angiogenesis in obesity and its complication: glucose intolerance and type 2 diabetes

linoTeTnyHa mogenb 3B’s13KiB AUCPerynsLii cucTeMun LupkagianbHOro rogMHHUKa 3a OXXUPIHHS Ta Moro
yCKInagHeHb; TonepaHTHOCTI 40 rMoKo3n Ta AiabeTy 2 Tuny 3rifHo 3 Halwmmuy pesynstatamu. Ekcnpecis
Krno4oBMx umpkagiansHux daktopis CLOCK, ARNTL, PER2 ta CRY1, siki 6epyTb yyacTb y perynsuii
YUCNEHHMX MeTaboniYHKX WNAXiB, BKIOYa4YM nponidepadito KniTuH, YyTnmBicTb A0 iHCYnNiHY, MeTa-
6oni3m rmoko3un Ta niniais, CyTTEBO NPUIHIYYOTLCS YMHHUKAMM OOBKINIS Ta FeHETUYHUMUN hakTopamu.
YHacnifok Lboro nopyLlyeTbcs perynsiyis metaboniamy rmoko3un Ta ninigis WAsIXOM NMOCUNEHHsT eKe-
npecii renis TIMP1, TIMP2, TIMP3, THBS1, THBS2 ta LUM i po3BMBaETbCS OXKUPIHHSA. 32 OXUPIHHS,
YCKIagHEHOro NoPYLLEHO TONEPAHTHICTHO A0 MK03K, 36inbLuyeTbest ekcnpecisi reHis TIMP1, TIMP2,
TIMP3, THBS1 ta ADAMTSS5 i 3HnxyeTbcs ekcnpecisi reHiB IL6 Ta LUM. BinbLicTb Uux reHis 6epyTb
yyacTb y perynsuii aHrioreHesy. binblue Toro, po3suTok Aiabety 2 Trny KOpentoe 3i CyTTEBUM NPUrHi-
YeHHsIM ekcnipecil reHiB TIMP1 ta TIMP2. [Noka3aHa MOXrvBa pofb CTPecy eHAonnasMaTuyHoro pe-
TUKYNyMy B pO3BUTKY AiabeTy 2 TUMy LUNSIXOM 3MiH B eKCMPECii reHiB. Takum YMHOM, Y KUPOBI TKaHU-
Hi MW BUSIBUNWU 3MiHW B €KCMPECIi reHiB, WO Hanexartb A0 peryrnsaTopiB aHrioreHesy, 3a OXUPIHHA Ta
Oro ycKknaaHeHb: NopyLUEHHst TONepaHTHOCTI A0 rMoKo3un Ta diabeTy 2 Tuny
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tion, in subcutaneous adipose tissue of obese individuals with normal glucose tolerance
as well as with glucose intolerance and with type 2 diabetes mellitus is a little difficult
because obese subjects with complications like glucose intolerance and type 2 diabetes
have resistance to insulin, VEGF and possibly to many other important regulatory fac-
tors; however, this aspect of the regulatory mechanisms remains unknown yet and war-
rants further investigation.

<« _TIMP2)

TIMP1,
e\

TIMP1T; TIMP2T IL6d
TIMP3T THBS11
ADAMTSST Luml

Fig. 8. Putative scheme of angiogenesis regulation by different factors including TIMP1, TIMP2, TIMP3 and
THBS1. Pleiotropic functions of TIMP1 and the role of endoplasmic reticulum stress in angiogenesis
are shown

Puc. 8. linoteTnuHa cxema perynauii aHrioreHesy pisHumu daktopamu, skiovatoun TIMP1, TIMP2, TIMP3
Ta THBS1. MNokasaHi 6aratorpanHi dyHkuii TIMP1 i ponb cTpecy eHAoNNasmMaTuyHOro peTukynymy
B perynsuii aHrioreHe3y

Endoplasmic reticulum stress is recognized as an important determinant of obesity
with type 2 diabetes and contributes to the expression profile of many important regula-
tory factors resulting in peripheral insulin resistance and diabetic complications, al-
though detailed molecular mechanisms cannot be ruled out. Collectively, these results
demonstrate the important role of THBS, TIMP and other regulatory factors with pleio-
tropic function in developing the obesity and its complications, especially glucose into-
lerance and insulin resistance.

CONCLUSIONS

Results of this study provide strong evidence that expression of genes encoded the
key regulatory factors with pleiotropic functions, related to the control of proliferation
and angiogenesis, in subcutaneous adipose tissue of the obese individuals with normal
glucose tolerance as well as in obese patients with glucose intolerance and type 2 dia-
betes is deregulated. It is possible that these changes in the expression of TIMP and
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THBS genes in adipose tissue in obesity as well as in obese individuals with impaired
glucose tolerance and type 2 diabetes can contribute to fat tissue storage, insulin and
VEGEF resistance as well as the development of diabetic complications determined both
by insulin resistance and endoplasmic reticulum stress. Collectively, results of this study
underscore the crucial role of THBS, TIMP and some other regulatory factors in deve-
loping the obesity as well as glucose intolerance, insulin resistance and type 2 diabetes
mellitus in obese individuals.
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EKCMPECIA AHTU-AHIOIMEHHUX TEHIB Y NIALWKIPHIW XXUPOBIA TKAHUHI
Y NIOAEN 3 OXKUPIHHAM | MPEAIABETOM ABO OIABETOM 2 TUNY
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HasBHi gaHi nigTpuMytoTh rinoTesy, 3rigHo 3 SKOK AUCPEerynsAuia pisHNX BHYTPILLHIX
MeXaHi3MiB, LLO KOHTPOMOKTL BinbLwicTb MeTabonivyHMx npouecis, 3adisHi y po3BUTKY
OXWPIHHSA, MeTaboniyHoro CMHAPOMY Ta LlyKpOBOro Aiabety 2 Tuny, Wo € HanbinbL Bax-
nvBuMK npobriemamu OXOpPOHM 340POB’s. AHTOreHes3 € BaXKMBUM KOMMOHEHTOM Pi3HNX
nponidepaTtnBHUX NPOLECiB, 30Kpema pOCTY XMPOBOI TKaHWHK. Binble Toro, ancpery-
nauis MONEeKynsipHMX KOMMOHEHTIB CUCTEMW aHrioreHedy MoOXe BHOCWUTM CBIil BKNaj
Yy PO3BUTOK AiabeTnyHMX ycknagHeHb. Mun BuB4Yanu piBeHb €KCNpecii reHis, WO MakTb
BigHOLIEHHA Ao perynsauii aHrioreHesy (TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS2,
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THBS3, ADAMTSS, LUM, DCN, IL6 tTa ZEB1) y nigLKipHin >XMPOBI TKAHWUHI Ntogen
3 OXKMPIHHAM, @ TaKOX NaLEHTIB 3 OXKMPIHHAM | NOPYLLEHO TONEPaHTHICTHO 4O IMOKO3M
(npeniabeTtom) i giabetom 2 TMMy, BUKOPUCTOBYHOUM KiNbkicHy IMJIP y peanbHoMy 4aci.
Mwu nokasanu, Lo piBeHb €KCNPECii BiNbLIOCTI i3 UUX reHiB 3 aHTU-aHrioOreHHMM BracTu-
BOCTSIMW 3HAYHO 30iNbLUYETLCS Y MiALIKIPHIV XXMPOBI TKAHWUHI NTIoOen 3 OXXUPIHHAM, MO-
PIBHAHO 3 XyOuMM MauieHTamu, ane Ginblu BUpaXkeHi 3MiHK Oynv nokasaHi Ansi reHiB
TIMP1, TIMP2, THBS2 Tta LUM. 36inbwweHwnii piBeHb ekcnpecii TIMP1, TIMP2, TIMPS3,
ADAMTSS, THBS1 tTa THBS2 6yB BUSIBNEHWI Y XNPOBIA TKAHWHI NOAEN 3 OXUPIHHAM,
LLO Manu NopyLleHy TONepaHTHICTb A0 rHKO3W. Y TOW Xe Yac eKCrnpecis reHis, Lo KO-
aytotb TIMP1 ta TIMP2, CMbHO 3MEHLLYETLCS Y XXUPOBIN TKAHWUHI NIOAEN 3 OXKUPIHHAM,
yCcKnagHeHnm giabetom 2 Tumny, MOPIBHAHO 3 YOIOBiKaMM, O Manu MopyLUeHy Tore-
PaHTHICTb 4O rMoKo3un. Pe3ynbrat Lboro A0CHILKEHHS YiTKO NOKa3yHTb, WO perynsuis
eKcrpecii reHiB, siki 34e6inbLIOro NPUrHiYyTb aHroreHes, € MOPYLLEHO Y XXMUPOBIN TKa-
HWHI Ntoaen 3 OXKUPIHHAM, SK i Y NALIEHTIB 3 OXKUPIHHAM, YCKNagHEHMM NOPYLLEHOK TO-
NepaHTHICTIo o rmoko3n abo giadetom 2 Tuny. MoxrnvBo, BUSIBNEHI 3MiHM B eKcrpecii
reHiB TIMP and THBS y >1pOBil TKaHWHI NOAen 3a OXUPIHHSA, K iy N0Aen 3 OXXUPIH-
HSAM, YCKMaZHEeHNM MOPYLUEHOK TONEePaHTHICTIO OO MMoKo3n abo giabetom 2 Tuny, Mo-
XXyTb BHOCUTW CBIl BKNaz y 36epiraHHst )KMPOBOT TKAHWHW, PE3NCTEHTHICTb [0 iHCYIiHY Ta
PO3BUTOK AiabeTNYHNX YCKNaaHEHb.

Knrovoei cnoega:  ekcnpecis MPHK, TIMP1, TIMP2, TIMP3, THBS1, THBS2,
ADAMTSS5, LUM, DCN, ZEB1, xupoBa TKaHWHa NIOONHA, OXN-
PiHHS.
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Mmetowmecs gaHHble NOAAEPXKMBAKOT MMNOTE3Y, COrMacHO KOTOPOW AMCperynsums
Pa3nnYHbIX BHYTPEHHMX MEXAHM3MOB, KOTOPbIE KOHTPOMMPYIOT BOMbLUMHCTBO MeTabo-
NNYECKNX NPOLIECCOB, 3a4ENCTBOBaHbI B Pa3BUTUN OXMPEHUs, METabonMyYecKkoro CuH-
apoma n caxapHoro anabeta 2 Tuna, KoTopble SABMsIOTCS Hanbonee BaXxHbIMKU nNpobre-
MaMu 30paBOOXPAHEHUSI. AHTMOrEHe3 SBNSETCA BaXKHbIM KOMMOHEHTOM PasfnUYHbIX
nponundepaTmBHbIX MPOLIECCOB, B YaCTHOCTUM pOCTa XMNpoBoK TkaHW. bonee Toro, ancpe-
rynsiuus MOMEKynspHbIX KOMMOHEHTOB CUCTEMbI aHIMOreHe3a MOXET BHOCWUTb CBOW
BKNaz B pa3Butmne anabeTnyecknx OCnoXHeHun. Mbl ndyvanu ypoBeHb 3KCNpeccum re-
HOB, MMEILLMX OTHOLLEHME K perynsauun aHrnoreHesa (TIMP1, TIMP2, TIMP3, TIMP4,
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THBS1, THBS2, THBS3, ADAMTSS5, LUM, DCN, IL6 v ZEB1), B NOOKOXHOW >XUPOBOM
TKaHW NIOAEN C OXMPEHNEM, a TaKKe NALMEHTOB C OXXMPEHVEM U HAPYLLEHHOW TonepaH-
THOCTbIO K [THOK03e (npeanabeTtoM) U anabeTtoM 2 Tuna, UCMOoNb3yst KONMYECTBEHHbIN
MUP B peanbHOoM BpeMeHU. Mbl nokasanu, 4To YpOBEHb 3KCnpeccun G6onbLUMHCTBA U3
3TUX FEHOB C aHTU-aHTMOTEHHBbIMM CBOMCTBaMM 3HAYUTENBHO YBENMYMBAETCS B MOLAKOXK-
HOWN >XMPOBOW TKaHW JIOAEN C OXKUPEHUEM, MO CPaBHEHUIO C XYAbIMW NaUMEHTaMKU, HO
Oornee BblpaXXeHHble M3MEHEeHUs1 Gbinn nokasaHbl anga reHos TIMP1, TIMP2, THBS2
n LUM. YBenunyeHHbIn ypoBeHb akcnpeccun TIMP1, TIMP2, TIMP3, ADAMTSS, THBS1
1 THBS2 Obin BbISIBNEH B XXMPOBOW TKAHW JIOAEN C OXXUPEHMEM, KOTOPbIE UMENN Hapy-
LLIEHHYIO TONEepPaHTHOCTB K IMHoKo3e. B To e Bpems akcnpeccus reHoB, KOTOpbIe Koanpy-
toT TIMP1 n TIMP2, CUnNbHO yMEHbLUAETCA B XMPOBOW TKAHW NIOOEN C OXUPEHUEM,
YCNOXHEHHbIM auabeTtoM 2 Tuna, B CPAaBHEHUWN C MYXYMHAMU, KOTOPbIE MMENW Hapy-
LLIEHHYIO TONEePaHTHOCTb K MI0Ko3e. PedynbraThl 3TOr0 UccreoBaHns YETKO A4OoKa3biBa-
10T, YTO Perynsumst SKCNPeCccun reHoB, KOTopble B 6OMbLUMHCTBE CIlyYaeB yrHETaT aH-
rmoreHes, sIBMsieTCs HapyLIEHHOW B XXMPOBOW TKaHW NI0AEN C OXXUPEHMEM, KaK 1 Y naum-
€HTOB C OXXMPEHNEM, OCITOXKHEHHBIM HapyLLEHHOW TONEPaHTHOCTLIO K IIHKO3e Unm au-
abetom 2 Tmna. Bo3amMoOXHO, YTO BbISIBNEHHbIE M3MEHEHUS B aKcripeccun reHoB TIMP
n THBS B X1pOBOI TKaHW NIOOEN C OXKMPEHUEM, KaK U Y NIOOEN C OXKMPEHNEM, OCIIOXK-
HEHHbIM HapYLUEHHOW TONEePaHTHOCTLIO K IMKo3e nnu guabetom 2 Tvna, MOryT BHO-
CWTb CBOW BKIaJ B COXPaHEHMWE XUPOBOW TKaHW, PE3UCTEHTHOCTb K MHCYMWHY U pa3Bu-
TMe onabeTnyecKnx OCMOXHEHUN.

Knroveesnie cnoea: akcnpeccus MPHK, TIMP1, TIMP2, TIMP3, THBS1, THBS2,

ADAMTSS5, LUM, DCN, ZEB1, xupoBasi TkaHb 4YeIlOBEKa,
OXMpPEHNE.
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