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SUMMARY

Obesity is a disease with pandemic frequency, often accompanied by chronic metabolic and organic
complications. Type 2 diabetes mellitus (T2DM) is among the most common metabolic complications
of obesity. The first step in the treatment of T2DM is medical nutrition therapy combined with moder-
ate physical activity and with advice to patients to reduce their body weight. Pharmacotherapy starts
with metformin, and in the case of inadequate therapeutic response, another antihyperglycemic agent
should be added. The most clinical experience exists with sulfonylurea agents, but their use is limited
due to high incidence of hypoglycemia and increase in body weight. Based on the fact that dysfunction
of adipose tissue can lead to the development of chronic degenerative complications, precise use of
drugs with a favorable effect on the functionality of adipose tissue represents an imperative of modern
T2DM treatment. Antihyperglycemic drugs of choice in obese individuals are those which cause matu-
ration of adipocytes, improvement of secretion of protective adipokines, and redistribution of fat mass
from visceral to subcutaneous depots. Oral antihyperglycemic agents that can affect the functionality of
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adipose tissue are metformin, SGLT-2 inhibitors, DPP-4 inhibitors, and thiazolidinediones.
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INTRODUCTION

Obesity is a disease characterized by the exces-
sive accumulation and storage of adipose tissue
in the body, which presents a risk to health and
can lead to many complications [1, 2, 3]. Adi-
pose tissue is a metabolically active organ with
both endocrine and paraendocrine effects [3].
Dysfunction of this tissue is clearly associated
with more frequent occurrence of visceral obe-
sity, type 2 diabetes mellitus (T2DM), insulin
resistance (IR), and chronic subclinical inflam-
mation [3, 4, 5]. Namely, fat tissue makes up
approximately 10-20% of the total body mass,
while that percentage in obese persons can be
four to five times greater [6, 7]. Reduction in
adenosine monophosphate-activated protein
kinase a (AMPKa), peroxisome proliferator-
activated receptor gamma, coactivator 1 a
(PPARGCI1A, PGCa), and peroxisome pro-
liferator-activated receptor o (PPARa) genes’
expression decreases the oxidative capacity of
adipocytes, and thereby inhibits the possibility
of energetic metabolism turnover in the adi-
pose tissue, which represents the main patho-
physiological model that causes obesity [8].
Knowing this fact, current therapy of T2DM
and the development of modern antihypergly-
cemic drugs are based on the stimulation of
those impaired pathways in the adipose tissue.

It is known that in the presence of excessive
obesity the possibility of prediabetes develop-
ment increases, which can, in the later course,

lead to the onset of T2DM, which imposes the
need for implementation of the active screening
procedures among populations with a great pro-
pensity to develop diabetes, like among obese in-
dividuals, but also a need to intensify their treat-
ment [9]. Populations with greater susceptibility
for T2DM development include subjects with
prediabetes, obese and overweight individuals,
subjects with established cardiovascular diseas-
es, and persons older than 45 years [9]. In these
cases, it is indicated to perform the two-hour oral
glucose tolerance test with 75 g of glucose [9, 10].
The consequence of dysfunctional adipose
tissue is sustained lipid toxicity, followed by IR
and associated metabolic complications. These
metabolic alterations negatively affect global
metabolic homeostasis. The adipose tissue
distribution optimization and its functional
metabolic flexibility are promoting insulin sen-
sitivity and metabolic control in patients with
T2DM. These therapeutic approaches require
a deep understanding of adipose tissue in all
broad aspects. In this article, we will discuss
the influence of the different glucose-lowering
agents on adipose tissue depots with respect
to adipokines’ production, plasticity, cellular
composition, as well as metabolic signatures
of pharmacotherapy of T2DM [9, 10].
Randomized controlled studies showed that
in persons with the higher risk of developing
T2DM, lifestyle changes and/or drug therapy
can prevent progression of the disease [11].
Considering that at the moment of diabetes
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diagnosis 80-90% of patients are overweight or obese,
the American Diabetes Association guidelines recommend
the introduction of antihyperglycemic drugs with weight-
reducing or at least weight-neutral properties in patients
with body mass index (BMI) > 27 kg/m?, whenever other
circumstances allow it [10]. Antihyperglycemic drugs that
stimulate weight reduction are metformin, a-glycosidase
inhibitors, glucagon-like peptide-1 (GLP-1) receptor ago-
nist, amylin mimetics, and sodium-glucose cotransport-
er-2 (SGLT-2) inhibitors. Dipeptidyl peptidase-4 inhibitor
(DPP-4) inhibitors are weight-neutral to weight-reducing,
while secretagogues, thiazolidinediones, and insulin are
related to a significant increase in body weight [9, 10].

Therapy
Initial therapy for T2DM surely includes lifestyle changes

such as intensification of physical activity to minimum of
150 min./week and changes in dietary habits [9, 10, 11].

Metformin is the first line of drug therapy, according to
current recommendations [9, 10]. If this treatment fails to
give expected results in a period of three months, combina-
tion therapy should be introduced [9, 10]. While choosing
the right additional antihyperglycemic drug, it is necessary
to bear in mind its effect on the body weight [9, 10, 12].

The list of available glucose-lowering agents is shown
in Table 1.

Sulfonylureas are drugs that have been used for several
decades. They show high efficiency in HbAlc reduction,
and the evidence from earlier landmark studies indicates
their positive effect on the delay of chronic microvascular
complication development. However, nowadays, at least in
developed countries, they are replaced with other drugs,
because they cause high rates of hypoglycemia, tend to
increase body weight, and have a negative effect on spon-
taneous vasodilatation of coronary arteries [12].

a-Glucosidase inhibitors have limited use, considering
their modest efficiency in HbAlc reduction accompanied

Table 1. Properties of available glucose-lowering agents that may tailor the individualized treatment choice in patients with T”2DM

Thiazolidinediones ™
Rosiglitazone

Class Compound(s) Cellular mechanism(s) Primary physiological action(s)
Biguanides Metformin activates AMP-kinase { hepatic glucose production

2nd generation:

Glyb.u.rlde closes KATP channels on B-cell R .
Sulfonylureas Glipizide T insulin secretion

R plasma membranes

Gliclazide

Glimepiride
Meglitinides Repagliln_lde closes KATP channels on B-cell ? insulin secretion

Nateglinide plasma membranes

Pioglitazone activates the nuclear

transcription factor PPARy Tinsulin sensitivity

a-Glucosidase inhibitors Agarpose inhibits intestinal a-glucosidase sIowsllntes'tmaI carbohydrate
Miglitol digestion/absorption
Sitagliptin
Vildagliptin inhibits DPP-4 activity, L insuli .

S S . . g . insulin secretion

DPP-4 inhibitors Saxagliptin increasing postprandial active 1 secretion of alucagon
Linagliptin incretin (GLP-1) concentrations glucag
Alogliptin

Bile acid sequestrants Colesevelam

binds bile acids in intestinal
tract, increasing hepatic bile
acid production

2l hepatic glucose production
T incretin levels

Dopamine-2 agonists Bromocriptine

modulates hypothalamic

activates dopaminergic X .
P 9 regulation of metabolism

receptors T insulin sensitivity
SGLT-2 inhibitors gznz;gllliffllzzzlia inhibits SGLT-2 receptors in the blocks glucose reabsorption by
Em%a%liﬂozin proximal nephron the kidney, increasing glucosuria
Exenatide T insuli )
Liraglutide . I|nsu||n secretion
GLP-1 receptor agonists Albiglutide activates GLP-1 receptors | 9 ucagop secretn?n
Lixisenatide slows g$str|c. emptying
Dulaglutide satiety
{ glucagon secretion
Amylin mimetics Pramlintide activates amylin receptors slows gastric emptying
0 satiety
Lispro
Aspart
Glulisine
Insulins Human regular activates insulin receptors T glucose disposal
Human NPH { hepatic glucose production
Glargine
Detemir
Degludec

AMP-kinase - adenosine monophosphate-kinase; KATP channels — adenosine triphosphate-sensitive potassium channels;
PPARy - peroxisome proliferator-activated receptor gamma; DPP-4 - dipeptidyl peptidase-4; GLP-1 - glucagon-like peptide-1;

SGLT-2 - sodium-glucose cotransporter-2; NPH - neutral protamine Hagedorn
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by gastrointestinal side effects (diarrhea, flatulence) [12].
However these drugs found their place in the treatment
of obese patients after the bariatric surgery. A number of
patients treated with bariatric surgery procedures report
the so-called “dumping syndrome,” and the use of acarbose
showed a decrease in incidence of this complication, thus
leading to an improvement in the quality of life in these
patients [13].

Bile acid sequestrants are used mainly in treating hyper-
cholesterolemia, since their main effect is low-density li-
poprotein (LDL) cholesterol lowering [14]. However, they
demonstrate satisfying glucose-lowering effect (HbAlc
reduction in the 0.3-1.1% range is reported), in particu-
lar colesevelam [14]. Their physiological actions remain
unknown, with the assumption that they are based on the
incretin effect through the stimulation of incretin secre-
tion (GLP-1 and others) and on the impact on the hepatic
glucose production [14].

Bromocriptine is one of the newer antihyperglycemic
agents, with a unique central mechanism of action. Nor-
mal weight individuals have maximum prolactin secretion
during the night, because of the low dopaminergic activity,
while after waking up prolactin level decreases [15]. Obese
individuals with IR have prolactin levels two times higher
during the day compared to healthy persons [15]. The main
mechanism of the bromocriptine antihyperglycemic action
is an increase in the daily dopaminergic activity and lower-
ing of the prolactin level [15]. Previous experiences show
that bromocriptine monotherapy or its combination with
other oral antihyperglycemic agents leads to the reduction
of HbAlc ranging from 0.4% to 0.7% [15]. Even though it
shows low/mild HbAlc reduction effect, benefits of bro-
mocriptine use are weight reduction combined with low
incidence of hypoglycemia [12, 15]. The side effects of bro-
mocriptine (orthostatic hypotension, nausea, vertigo, and
possible interactions with other plasma protein-binding
drugs) limit its use [12, 15]. Since postprandial glycemia is
an equally important indicator of glycoregulation and of
HbA1lc and fasting glycemia, large efforts have been made
recently in the therapeutic targeting of this particular as-
pect of diabetes management. Efficiency in reduction of
postprandial glycemia are shown by meglitinides, GLP-1
receptor agonists (mainly short-acting ones), DPP-4 inhibi-
tors, SGLT-2 inhibitors, and amylin mimetics [16].

ORAL ANTIHYPERGLYCEMIC AGENTS AND
DYSFUNCTIONAL ADIPOSE TISSUE

Metformin

Metformin has been used in the treatment of T2DM since
the 1950s. It is already known that metformin reduces
body weight [9, 10]. However, the greatest reduction of fat
mass has actually been detected in subcutaneous abdomi-
nal depots [17]. Also, it is shown that metformin causes
the highest insulin stimulated glucose uptake in the viscer-
al adipose tissue [17]. Fujita et al. [17] have questioned the
positive effect of this drug on dysfunctional adipose tis-
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sue, showing that in an in vitro model metformin actually
blocks the differentiation of visceral tissue preadipocytes
into mature adipocytes and that it does not reduce the size
or the number of adipocytes, which could be expected as
the positive effect [17]. This way, the maturation of preadi-
pocytes and the secretion of adipocyte final maturation in-
dicators, such as adiponectin, which demonstrates a strong
anti-inflammatory and antidiabetic effect, are suppressed
[17]. On the other hand, positive effects of metformin are
shown among women with polycystic ovary syndrome.
Tan et al. [18] published that metformin use significantly
lowers the level of chemerine, an adipocytokine involved
in the pathogenesis of IR and hypertriglyceridemia [18].
Metformin’s main mechanism of action in adipose tissue
is the activation of adenosine monophosphate (AMP)-
kinase and lipogenesis suppression in preadipocytes, and
the greatest antihyperglycemic effect is achieved through
lowering the hepatic glucose production [19].

DPP-4 inhibitors

DPP-4 inhibitors are among newer antihyperglycemic
agents, and according to the current diabetes guidelines
are referred to as weight-neutral [9, 10]. DPP-4 are prote-
ases located on the cell surface, but there is also a soluble
fraction of this proteases in plasma [20]. Recently, this en-
zyme was recognized as an adipocytokine, responsible for
the development of the metabolic syndrome and T2DM
[20]. DPP-4 interfere with insulin signalization through
paracrine and endocrine ways [20].

Although until now they were referred to as weight-neu-
tral, recent studies on a DPP-4 inhibitor, evogliptin, in an
animal model, indicate possible beneficial effects in term of
body weight reduction. Namely, this drug shows the possi-
bility of changing energy balance within the white adipose
tissue [21]. Evogliptin in an animal model does not increase
thermogenesis in white adipose tissue, but, contrary, reduces
uncoupling protein-1(UCP-1) level in mitochondria of adi-
pocytes [21]. It is shown in an animal model that evogliptin
induces energy consumption with the help of increased
expression of cytochrome ¢ oxidase subunit 4 isoform
1(Cox4I1), which correlates with an increased concentra-
tion of protein molecule PPARGCI1A [21]. This protein is
directly involved in the transcription processes that stimulate
production of enzymes necessary for mitochondrial biogen-
esis and energy consumption [21]. Also, PPARGCI1A stimu-
lates the differentiation of muscle fibers, and has protective
effect in terms of obesity development [20, 21]. Evogliptin
use led to a decrease in leptin level, which can be a result of
weight reduction or a possible consequence of a decrease in
the level of leptin resistance [21]. The effect of decreasing
leptin resistance is just a hypothetical one, since authors did
not measure the expression of leptin receptor [21]. Similar
effect in humans is caused by vildagliptin [21].

SGLT-2 inhibitors

In the last 10 years, a new therapeutic approach has been
developed, which does not include the use of insulin in
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the treatment of T2DM. Under physiological conditions,
glucose that is excreted in primary urine is entirely reab-
sorbed back to plasma in renal tubules, so less than 1% of
glucose is excreted by urine [21]. Under SGLT-2 receptor
inhibition conditions, a major part of excreted glucose
does not go through the reabsorption process - it stays in
the urine and is eliminated from the body in this way [21].

Until now there have been some concerns over the fact
that the use of SGLT-2 inhibitors increases the LDL-cho-
lesterol levels. However, this group of agents demonstrates
a positive effect on the lipid profile through decreasing
the levels of triglycerides and increasing the levels of C2
sub-fraction of high-density lipoprotein cholesterol, thus
reducing the overall atherogenic risk. One of the explana-
tions for their antiatherogenic effect lays in the fact that
SGLT-2 inhibitors suppress the transformation of large
LDL particles into small dense LDL particles, which carry
great atherogenic potential but are difficult to detect in
everyday routine laboratory diagnostics [22]. Addition-
ally, the use of dapagliflozin reduces the BMI level, hepatic
transaminases level, and increases the adiponectin level
[22]. Non-alcoholic fatty liver disease (NAFLD) is the
most common cause of elevated liver enzymes in obese
people. It is known that subjects with high level of small
dense LDL particles, NAFLD, and low adiponectin level
have additionally increased cardiovascular risk [21, 22].
Considering positive effects of dapagliflozin on all men-
tioned risk factors and also an impact on decreasing the
levels of triglycerides, it is clear why it should be used in
people with cardiometabolic complications of dysfunc-
tional adipose tissue. Lundkvist et al. [19] conducted a
trial among 50 obese individuals with prediabetes, based
on previous favorable experiences in body weight man-
agement among obese patients with T2DM. The results
showed the possibility of dapagliflozin use in this popu-
lation, due to significant weight reduction, reduction of
systolic blood pressure, and improved glucose tolerance
that have been achieved [19].

Out of SGLT-2 inhibitors, empagliflozin emerged as the
most significant agent. The results of the recently com-
pleted Empagliflozin Removal of Excess of Glucose Out-
come (EMPA-REG OUTCOME) study indicate that em-
pagliflozin significantly reduces cardiovascular mortality
and hospitalization rate because of heart failure in patients
with T2DM [23]. This is due to the antihyperglycemic ef-
fect of SGLT-2 inhibitors but also because of their effect
on natriuresis, body weight reduction, blood pressure, and
lipid profile. Even though protective effect of empagliflozin
in diabetic patients is established, the effects of SGLT-2 in-
hibitors on this specter of cardiovascular risk factors under
prediabetes conditions is known only from animal models
[23]. A study by Kusaka et al. [24] was conducted on rats
with prediabetes, and it clearly showed that after seven
weeks of treatment with empagliflozin, weight reduction
was gained despite the increased food intake when com-
pared to the control group. Regarding the fact that there
was no difference in the amount of fat mass between the
study group and the control group, and that the size of sub-
cutaneous fat mass was smaller in the study group, a ques-
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tion on the protective role of empagliflozin has imposed
itself. This study has demonstrated that there is a significant
difference in the size of adipocytes [24]. Empagliflozin use
leads to the histological changes in the structure of adipose
tissue, in the sense of reducing the diameter of adipocytes,
which have more favorable metabolic impact than insuf-
ficiently differentiated adipocytes with large diameter [24].
In relation to metabolic parameters, reduction of HbAlc,
lowering of postprandial glycemia, and decrease in insu-
lin level were observed [24]. Although it was noted that
empagliflozin does not lower the level of total cholesterol
and free fatty acids (FFA), it certainly reduces the rate of
lipid peroxidation [24]. On the other hand, people with
prediabetes have a high risk of developing cardiovascular
diseases [1-5]. Taking into account the favorable effect of
empagliflozin on preventing hypertrophy and fibrosis of
the left ventricle, SGLT-2 inhibitors could also be used in
the treatment of individuals with prediabetes [23, 24].

Thiazolidinediones

It has been clearly proven by now that there is a correla-
tion between IR, T2DM, and adipose tissue dysfunction
[1,2, 4, 5]. One of the key genes responsible for function
of adipose tissue is PPARy [25]. Previous studies have
shown that PPARY plays a role in numerous functions of
adipose tissue, such as preadipocytes differentiation and
secretion of adipocytokines, as well as controlling the level
of inflammation and insulin sensitivity within adipose tis-
sue [25]. As mentioned earlier, important markers of dys-
function and inadequate differentiation of adipose tissue
are the larger diameter of adipocytes, reduced expression
and low level of circulating adiponectin, and reduced ex-
pression of PPARGCI1A [25, 26].Thiazolidinediones are
PPARY agonists, and by that they increase glucose uptake
in adipocytes, and prevent FFA release and possible sub-
sequent lipotoxicity, which represents one of the key phys-
iopathogenetic mechanisms in T2DM development [27].

In individuals with IR there is a reduction in several
key molecules responsible for insulin activity, such as
glucose transporter type 4, PPARGC1A, markers of ter-
minal differentiation of adipose tissue, and insulin recep-
tor substrate [27, 28]. The use of pioglitazone leads to an
improvement in insulin sensitivity in non-obese subjects
with IR, regardless of its impact on the change in levels of
circulating FFA and other lipid and lipoprotein parameters
[28]. The explanation of this effect of thiazolidinediones
lays in their positive activity on adipose tissue remod-
eling. The use of this agent leads to the replacement of
large adipocytes with well-differentiated and more insu-
lin-sensitive adipocytes with smaller diameter [28]. This
kind of adipose tissue remodeling has a positive effect on
inflammation, which is one of the leading physiopatho-
genetic mechanisms of IR and T2DM. In fact, there is a
clear correlation between the adipocyte size and the level
of circulating interleukin-6 (IL-6). The reduction in size of
adipocytes reduces the level of IL-6 in the serum [28]. On
the other hand, thiazolidinediones stimulate the produc-
tion of adiponectin [27, 28]. It was noted that the level of
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adiponectin in individuals treated by pioglitazone is the
result of increased contribution of high-molecular-weight
adiponectin fraction (HMW) adiponectin [28]. HMW adi-
ponectin is highly protective regarding atherosclerosis and
T2DM development [1, 2, 3]. PPARy demonstrates high
expression in the adipose tissue. Although the role of thia-
zolidinediones on PPARYy stimulation is well documented,
its role in the expression of this nuclear receptor is still de-
bated [28]. The beneficial effect of pioglitazone is reflected
through the redistribution of fat mass in the body. The
use of pioglitazone increases body weight and fat mass.
However, beneficial metabolic effect of pioglitazone is a
result of adipose tissue redistribution, reflected through
the reduction in visceral adipose tissue amount and the
increase in the amount of subcutaneous fat depots [28, 29].

PARENTERAL PHARMACOTHERAPY

Among the currently available parenteral therapies for
obese patients with T2DM, two classes also promote weight
loss. Pramlintide, a synthetic form of amylin, induces short-
term satiety and may be useful in combination with other
agents. A recent study pointed out an improvement in
glucose tolerance in diabetic patients in dose-dependent
manner, as well as a promotion of insulin secretion [30].
On the other hand, GLP-1 receptor agonist-associat-
ed effects are visceral fat specific. Liraglutide stimulated
white adipose tissue browning and thermogenesis inde-
pendently of nutrient intake [31]. Exenatide reduced epi-
cardial, subcutaneous, and liver fat in diabetic patients,
in a similar way as liraglutide, activating brown adipose
tissue and generating clearance of triglycerides and glucose
[32]. Treatments of patients with GLP-1 receptor agonists
promote weight loss and increase circulating adiponectin
levels. Also, expression of adiponectin receptors in visceral
adipose tissue is increased by exenatide administration
[32]. Chronic low-grade inflammation has been reported
as a connection between obesity and T2DM. Studies sug-
gest that treatment of obese patients with GLP-1 receptor
agonists decreases circulating cytokines including mono-
cyte chemoattractant protein-1 plasma concentration and
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YTULaj caBpeMeHUX OpalHUX AaHTUXMNEPITMKEMMjCKUX 1EKOBA Ha

ANCOYHKLMOHANHO MACHO TKUBO

[parana Tomuh-Harnuh'2, Munena Mutposuh'?, Josaka HoBakosuh-Mapo'?, Pagocnas Mejun'?, Hophe C. Monosuh'?,

CnahaHa MejakoBuh', Bumbara Cpguh-Tanuh?, Jamnp beHy'?

'KnuHnukn LieHTap BojsoauHe, KnnHiika 3a eHgokprHonorujy, aujabetec n 6onectn metabonusma, Hosu Cag, Cpbuja;

2YHneepauTet y HoBom Cagy, MeguumHckm dpakyntet, Hosu Cag, Cpbuja

CAXETAK

loja3HoOCT je 6onecT ca naHAeMUjckoM yyecTanoLwhy, Kojy npa-
Te XPOHNYHE MeTabonnuKe 1 opraHcke KommauKauuje. Mehy
Hajuelwhe meTabonmyKke KOMMIMKaLMje rojasHoCT cnaga Tin
2 wehepHe 6onecty, a NPBU KOPaK y keHOM Jleyetby je HyTpu-
TMBHa Tepanuja y3 fo3unpaHy Gr3nuKy akTMBHOCT 1 peayKLuujy
TenecHe mace. MeKkaMeHTHO fleyetbe ce 3anouritbe MeTpop-
MUHOM, @ Y CJTy4ajy HeafileKBaTHOT ycrexa ofiajy Ce 1 ipyri aH-
TUXVUNEePIIMKeMIjcKM Niekosu. Ca fieprBaTma cynpoHunypeje
nocToju Hajeehie KNMHNYKO NCKYCTBO, aNu je h1xoBa yrnoTpeba
orpaHvyeHa jep 13asviBajy yyecTane Xunoramkemuje v nopact
TenecHe mace. Y CBeT/y Ca3Hatba [1a je MacHO TKVBO eHJ0OKPUHM
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opraH 1 fja ynpaBo fncdyHKLMja OBOT TKMBa AOBOAV A0 XPO-
HUYHMX KOMMAKaLWja, UMNepaTrB y CaBPEMEHOj Tepanuju je
ynotpe6a f1ekoBa ca CHaXXHUM epeKTOM Ha GYHKLIMOHANHOCT
OBOT TKMBa. AHTVXVNEPININKEMUCKI NNIEKOBU 1360pa KOr rojas-
HWX 0Cc06a Cy OHY KOj1 AOBOJE O MaTypaLuje agumnowuuTa, y-
yeba NPOTEKTUBHUX aAUMOLUTOKVHA 1 peancTprbyLmje MacHe
Mace V3 BUCLiepanHux y cybkyTaHe aenoe. OpanHu Xvnornvke-
MWJCKW areHCU Koju yTuuy Ha GYHKLIMOHANMHOCT MacHOT TK/Ba
cy metdopmuH, CINT-2 uuxubutopw, AMNM-4 nHxmbutopu n
TNa30JINAVHANOHN.

KrbyuHe peumn: MacHO TKVBO; aauMOLUTOKMHW; TUN 2 Anjabe-
Teca; Tepanuja
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