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A B S T R A C T

Objectives: Adipose tissue plays a central role in the pathogenesis of insulin resistance (IR) and type 2 diabe-
tes. However, the molecular changes that promote these diseases are not completely understood. Several
studies demonstrated that ceramide (Cer) and diacylglycerol (DAG) accumulation in muscle is associated
with IR. The aim of this study was to explain whether a high-fat diet (HFD) leads to bioactive lipid accumula-
tion in adipose tissue and how metformin affects the lipid content in adipocytes and the concentration of
plasma adipocytokines.
Methods: The experiments were conducted on male Wistar rats divided into three groups: control, HFD-fed,
and HFD-fed and treated with metformin. Cer and DAGs were analyzed by liquid chromatography tandem
mass spectrometry. Phosphorylation of hormone-sensitive lipase (HSL) was analyzed by Western blot. Oral
glucose tolerance and insulin tolerance tests were also performed. Plasma adiponectin and tumor necrosis
factor (TNF)-a concentration were measured by enzyme-linked immunosorbent assay.
Results: HFD induced IR and elevated DAGs and Cer content in subcutaneous and visceral adipose tissues,
which was accompanied by an increased phosphorylation of HSL. Metformin improved insulin sensitivity,
decreased Cer and DAG levels, and attenuated the phosphorylation of HSL in both fat depots. Furthermore,
we observed a strong correlation between adiponectin (negative) and TNF-a (positive) and bioactive lipids
in both fat tissues.
Conclusions: These results indicated that bioactive lipids accumulation in adipose tissue influences the induc-
tion of IR and, at least in part, answered the question of what the insulin-sensitizing effect of metformin at
the level of adipose tissue is.
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Introduction

Adipose tissue plays a central role in the pathogenesis of insulin
resistance (IR) associated with obesity. The main role of adipose tis-
sue is to store energy in the form of triacylglycerols (TGs). How-
ever, more recently, the attention has been focused on the
endocrine function of adipose tissue. Often, it has been demon-
strated that adipocytokines secreted by adipose tissue affect insulin
sensitivity of other peripheral tissues, such as skeletal muscles and
liver [1,2]. These factors include leptin, adiponectin, tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and plasminogen activator inhib-
itor (PAI)-1 [3�5]. Fat tissue is located in numerous places on an
organism, and different fat depots have distinct metabolic activity
and, in an uneven way, contribute to the formation of metabolic
disorders. Over the years, studies have strengthened the notion
that obesity is not a homogeneous condition and that the regional
fat distribution is an important indicator for metabolic alterations
[6�8]. Epidemiologic studies have shown a strong correlation
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between abdominal obesity and metabolic syndrome. The epi-
demic of abdominal obesity has drawn attention to visceral adipose
tissue (VAT) as a risk factor for type 2 diabetes (T2D22DD) and
other metabolic disorders associated with obesity. Both, subcuta-
neous adipose tissue (SAT) and visceral fat are characterized by
production and secretion of a unique profile of adipocytokines. In
the VAT, higher concentrations of IL-6 and PAI-1 were observed,
whereas in the SAT, a higher level of leptin and adiponectin were
noticed [9]. Moreover, compared with subcutaneous depot, VAT is
a metabolically very active tissue and fulfills an important role as a
source of circulating fatty acids (FAs). Free fatty acids (FFAs) are
much more easily liberated from visceral fat than from subcutane-
ous fat. Under physiologic conditions, insulin inhibits the activity
of the hormone-sensitive lipase (HSL), so in the presence of high
glucose concentration, the release of FAs is limited. IR of adipose
tissue is manifested mainly by the impaired ability to inhibit HSL
by insulin, which results in an increased plasma FFA concentration
despite high glucose levels. Once the FAs are liberated, they are
taken up by other peripheral tissues (e.g., skeletal muscle) where
they are used as a source of energy in the b-oxidation process or as
a substrate for de novo synthesis of other lipids. Several lines of
evidence suggest that accumulation of intramuscular lipids is
responsible for induction of IR in skeletal muscles [10,11]. Among
these lipids are ceramides (Cer) and diacylglycerols (DAG). Initially,
it has been demonstrated that the accumulation of these lipids in
muscle inhibits the insulin pathway and therefore glucose cannot
be effectively taken up by this tissue [12�14]. A growing body of
evidence implicates the contribution of these lipids to the induc-
tion of IR also in the liver [15�18]. Much less is known about the
effect of Cer and DAG accumulation in adipose tissue. To our
knowledge, there are only few papers indicating the relationship
between the accumulation of these lipids and IR [19�24]. The
existing data show that the Cer content is higher in the SAT of
obese men and women than in lean non-diabetic individuals [20].
Another study, where biologically active lipids were examined in
SAT and epicardial adipose tissue (EAT), demonstrated that the Cer
content is higher in both SAT and EAT of obese people regardless of
whether they have diabetes. In addition, a positive correlation has
been shown between C16:0-Cer and homeostatic model assess-
ment (HOMA)-IR and between HOMA-IR and C16:0/18:2 DAG in
SAT [21]. Although adipose tissue appears to play a key role in the
induction of IR, there are no specifically designed antidiabetic
drugs targeted for adipose tissue. The first-line treatment for IR or
T2D is metformin. This medication belongs to biguanide that are
derived from Galega officinalis, used in herbal medicine. Metformin
is thought to act mainly on the liver where it reduces hepatic glu-
cose production. There is very limited information about metfor-
min action in adipose tissue. Available data indicate that
metformin activates AMP kinase (AMPK), which in turn catalyzes
the phosphorylation of HSL at the inhibitory site (Ser-565), thus
inhibiting the activity of this enzyme, which leads to a reduction in
the release of FAs [25,26]. Metformin treatment has been defined
as an effective therapy, but the detailed mechanism underlying its
activities is complex and still remains incompletely understood. To
our knowledge, there are no works presenting the effect of metfor-
min treatment on the bioactive lipids content in adipose tissue.
Because adipose tissue plays a central role in induction of IR and
biologically active lipids affect the insulin action in other tissues, it
seems important to study the role of lipid accumulation in fat tis-
sue on insulin sensitivity and how metformin affects the content of
these lipids, HSL activity, and adipocytokine secretion. Therefore,
the present study was conducted to examine the effect of a high-
fat diet (HFD) on the content of Cer and DAG in visceral and subcu-
taneous fat tissues. Moreover, we tried to understand how
metformin treatment affects the content of the lipids in both adi-
pose tissues. We also aimed to determine if there is any relation-
ship between active lipids in adipose tissues and IR parameters or
between individual lipid species and adiponectin or TNF-a levels.

Research design and methods

Animals and study design

The study was approved by the Institutional Animal Care and Use Committee
of Medical University of Bialystok. All animal experiments were performed in
accordance with the relevant guidelines and regulations. The experiments were
carried out on male Wistar rats, 6 to 7 wk of age (140�150 g initial body weight)
housed in standard conditions (21 § 2°C, 12-h light/12-h dark cycle) with free
access to tap water and food pellets. Animals were randomly divided into follow-
ing groups (n = 8 in each group):

� Group 1: Control group, fed ad libitum a control diet (Research Diets INC
D12450 B).

� Group 2: Fed the HFD (Research Diets INC D12492).
� Group 3: Fed the HFD but in week 5, oral metformin (300 mg/kg daily) was

introduced, and the HFD and metformin treatment was continued for the next
3 wk.

The control diet contained 10% kcal from fat; whereas the HFD contained 60%
kcal from fat. All groups were fed for 8 wk with the appropriate diet. Plasma insu-
lin and glucose concentration were checked weekly for HOMA-IR calculation (to
estimate the time for metformin introduction). One day before sacrifice, an insulin
tolerance test (ITT) and an oral glucose tolerance test (OGTT) were performed.
Thirty min before sacrifice, insulin (0.5 U/kg) was administered by intraperitoneal
injection. The rats were anesthetized by intraperitoneal injection of pentobarbital
at a dose of 80 mg/kg of body weight. The fat tissue from two depots (visceral fat
from around the liver and subcutaneous fat from the abdomen region) was taken
and frozen in liquid nitrogen and then stored at �80°C until analysis.

Lipid measurements

Plasma FFA concentration was measured by liquid chromatography tandem
mass spectrometry (LC/MS) according to Persson et al. [27]. FAs were separated on
a reverse-phase Zorbax SB-C18 column 2.1£ 150 mm, 1.8 mm using binary gradi-
ent. Buffer A was 80% acetonitrile, 0.5 mM ammonium acetate; buffer B was 99%
acetonitrile, 1% 0.5 mM ammonium acetate.

Cer content in both fat depots was analyzed with the use of an ultra-high per-
formance (UHP)LC MS/MS approach according to Blachnio-Zabielska et al. [28]
with minor modification. Briefly, the adipose tissue samples (»20 mg) were pul-
verized in liquid nitrogen and then homogenized in a solution composed of 0.25 M
sucrose, 25 mM KCl, 50 mM Tris, and 0.5 mM EDTA, pH 7.4. Immediately after-
ward, the internal standard [d17:1/8:0, d17:1/18:0, d17:1/18:1(9 Z), d17:1/20:0,
d17:1/24:0 and d17:1/24:1(15 Z), Avanti Polar Lipids, Alabaster, AL, USA] and
extraction mixture (isopropanol to water to ethyl acetate, 30:10:60; v:v:v) were
added to each homogenate. The mixture was vortexed, sonicated, and then centri-
fuged for 10 min at 4000g (Sorvall Legend RT). The supernatant was transferred to
a new tube and pellet was reextracted. Supernatants were combined and evapo-
rated under nitrogen. The dried sample was reconstituted in 100 mL of LC Solvent
A (2 mM ammonium formate, 0.15% formic acid in methanol) for LC/MS/MS analy-
sis. Measurements were made using triple quadrupole MS operated in positive ion
electrospray ionization (ESI) with multiple reaction monitoring (MRM). Concentra-
tion of each compound was analyzed against the concentration standard curves.

The content of DAG was measured using a UHPLC/MS/MS approach according
to Blachnio-Zabielska et al. [29]. DAGs were extracted together with sphingolipids.
A known amount of internal standard mix (Deuterated DAG Mixture I and Mixture
II, Avanti Polar Lipids) was added to each sample. Next, samples were extracted as
described earlier. The following DAG species were quantified: C18:1/18:2, C16:0/
18:2, C16:0/16:0, C16:0/18:1, C18:0/20:0, C18:0/18:1, C18:1/18:1, C18:0/18:2 and
C16:0/18:0 using UHPLC/MS/MS. DAG content was analyzed by means of a triple
quadrupole MS using positive ion electrospray ionization source with MRM
against the concentration standard curves.

Western blot

Fat tissue samples were homogenized in radioimmunoprecipitation buffer.
After centrifugation and separation of fat cake, soluble proteins were precipitated
with ice-cold methanol or chloroform, and protein pellets were suspended and
denaturized in Laemmli buffer. Equal amounts of protein (20 mg in Laemmli
buffer) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Separated proteins were transferred on polyvinylidene fluoride mem-
branes (Bio-Rad). The membrane was probed with an appropriate primary



Table 1
Metabolic parameters and plasma FFA concentration in rats with HFD-induced
insulin resistance and under the HFD and Met treatment.

Metabolic parametes and plasma
FFA concentration Control HFD HFD/Met

Fasting plasma glucose concentra-
tion (mg/dL)

96.8 § 14.1 141.3 § 22.9* 103.6 § 6.3y

Fasting insulin concentration
(mU/mL)

50.5 § 10.2 66.7 § 7.8* 49.2 § 14.6y

HOMA-IR 2.00 § 0.5 3.87 § 0.68* 2.10 § 0.64y

Plasma adiponectin concentration
(mg/mL)

19.4 § 2.9 11.2 § 1.4* 16.4 § 2.7*,y

Plasma TNF-a concentration
(ng/mL)

1.57 § 0.19 2.67 § 0.49* 1.57 § 0.44y

Animal weight (g) in first week of
experiment

149.5 § 4.5 150.62 § 6.3 149.2 § 4.8

Animal weight (g) in eighth week
of experiment

357.2 § 35.4 399.6 § 17 355.2 § 26.7

Myristic acid (C14:0) [mmol/L] 13.1 § 2.6 14.6 § 2.8 14.8 § 2.7
Palmitoleic acid (C16:1) [mmol/L] 7.4 § 1.5 2 § 0.5* 1.9 § 0.4*
Linoleic acid (C18:2) [mmol/L] 65.7 § 13.6 58.2 § 2.2 52.4 § 9.2*
Palmitic acid (C16:0) [mmol/L] 59.7 § 10.3 59 § 2.9 42.7 § 6.1*,y

Oleic acid (C18:1) [mmol/L] 63 § 14.6 47.3 § 8.5* 31.4 § 6.4*,y

Stearic acid (C18:0) [mmol/L] 33.9 § 6.7 89.7 § 11.6* 52.4 § 8.7*,y

Arachidic acid (C20:0) [mmol/L] 0.96 § 0.2 4.1 § 0.8* 2.3 § 0.4*,y

Behenic acid (C22:0) [mmol/L] 4.8 § 0.9 11.4 § 1.2* 10.8 § 1.9*
Nervonic acid (C24:1) [mmol/L] 1.9 § 0.2 2.1 § 0.5 4.2 § 0.7*,y

Lignoceric acid (C24:0) [mmol/L] 25.0 § 4.5 67.7 § 12.3* 46.3 § 7.3*,y

Total plasma FFA [mmol/L] 275.5 § 41.8 356.3 § 21.3* 259.4 § 16.9y

FFA, free fatty acid; HFD, high-fat diet; HOMA-IR, homeostatic model of assessment
with insulin resistance; Met, metformin; TNF, tumor necrosis factor.
Statistics by analysis of variancewith Tukey honestly significant difference post hoc test.
*P< 0.05 vs control.
yP< 0.05 vs HFD.
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antibody. The following target proteins were quantified: HSL (ab45422 in concen-
tration 0.5 mg/mL, Abcam, Cambridge, UK), pHSL (Ser563) (Cell Signaling [4139] in
concentration of 0.2 mg/mL) and pHSL (Ser660) (Cell Signaling [4126] in concen-
tration of 0.2 mg/mL). Bands were visualized with the use of appropriate horserad-
ish peroxidase-conjugated secondary antibodies and BioRad ChemiDoc XRS+
imager. Values were normalized to GAPDH (ab181602, used at 0.05 mg/mL,
Abcam) protein expression measured from parallel runs and expressed as fold-
changes over control group values. Unless stated otherwise, all chemicals and
equipment used for immunoblotting were purchased from Bio-Rad (Hercules, CA,
USA). The Image Lab 6.0 software was used for blot analysis.

Plasma adiponectin and TNF-a concentration

The plasma adiponectin and TNF-a concentration were measured using com-
mercially available enzyme-linked immunosorbent assay (ELISA) kits (Abcam)
according to the manufacturer's instructions

Oral glucose tolerance test

Blood samples from tail vein were collected in fasted animals and 15, 30, 60,
120, and 180 min after oral glucose administration in a dose of 3 g/kg. Blood glu-
cose was measure by using glucometer AccuChek (Roche, Germany).

Insulin tolerance test

Fasted animals received intravenous injection of insulin in a dose of 0.75 U/kg
body weight. Glucose concentration was measured in blood obtained from the tail
vein at 0, 15, 30, 45, 60, and 90 min after insulin injection with the use of AccuChek
glucometer.

Plasma insulin and glucose concentration

Plasma glucose concentration was measured using AccuChek glucometer.
Plasma insulin concentration was determined with an ELISA insulin assay (Rat/
Mouse Insulin, Millipore, Burlington, MA, USA).

HOMA-IR

The HOMA-IR index valuewas calculated according to the following formula [30]:

HOMA� IR  ¼   ½fasting  glucose  ðmg=dLÞ  �  fasting  insulin  ðlU=mLÞ�=2430

Protein concentration

Protein concentration in tissue homogenates was measured with the bicincho-
ninic acid protein assay kit (Sigma-Aldrich, St. Louis, MO, USA). Bovine serum albu-
min (FFA, Sigma-Aldrich) was used as a standard.

Statistical significance estimation and correlation analysis

Statistical significance between experimental groups was estimated using
analysis of variance with Tukey honestly significant difference post hoc test for
unequal n numbers. Significance level was set to P < 0.05. Pearson's r approach
with Bonferroni correction for multiple comparisons was used to establish rela-
tionships between selected variables. For adipokine and insulin sensitivity param-
eters, the Pearson's r P-value vas adjusted to 0.002 (25 correlations). For adipokine
and individual molecular species of adipose tissue lipids, Pearson's r P-value was
adjusted to 0.0002 (249 correlations).

Results

HOMA-IR, oral glucose tolerance test, and ITT

The HOMA-IR index increased in the HFD group by 93% (P <

0.05) compared with the control group. Animals fed an HFD devel-
oped IR, as evidenced by elevated fasting blood glucose concentra-
tion, impaired glucose tolerance, reduced insulin responsiveness,
and increased HOMA-IR index. Metformin normalized insulin-
related parameters to control values (Table 1; Fig. 1).

Plasma adiponectin and TNF-a concentration

Plasma adiponectin concentration significantly decreased in the
HFD group compared with the control group (P < 0.05). Metformin
treatment caused an elevation of adiponectin compared with the
HFD group but was still lower than in the control group (P < 0.05).
Plasma TNF-a concentration increased in the HFD group compared
with control group (P < 0.05), whereas metformin treatment
restored the content of TNF-a to control value (Table 1).

Plasma FFAs

Total plasma FFA concentration significantly increased in the
HFD group (P < 0.05) compared with the control group. The high-
est increase was noticed in long-chain saturated FA: stearic acid
(C18:0), arachidic acid (C20:0), and lignoceric acid (C24:0). A
reduced content of unsaturated FAs was also observed (palmitoleic
acid, C16:1; oleic acid, C18:1). Metformin treatment restored the
FFA concentration to control value (Table 1).

Hormone-sensitive lipase pHSLSer563 and pHSLSer660

There were no significant differences in the content of unphos-
phorylated form of the HSL protein between the three groups in
either fat depot. The phosphorylation of the enzyme at both Ser563
and Ser660 residues increased in both types of adipose tissue in the
HFD group. In the group fed HFD and treated with metformin, the
phosphorylation of HSL decreased at the serine residue (Fig. 2).

Ceramide and DAG concentration

Total content of Cer and DAG significantly increased in both fat
depots in the group fed the HFD compared with the control group.
Metformin treatment reduced the total content of these lipids com-
pared with the HFD group (for all P < 0.05). In VAT, the highest ele-
vation in the HFD group was observed in C18:1-Cer and C18:0-Cer
(P < 0.05). However, in SAT, the largest increase in Cer content



Fig. 1. Treatment with metformin improves glucose and insulin tolerance in animals on a high-fat diet. (A) Blood glucose profiles obtained during oral glucose tolerance test.
(B) Blood glucose profile during intraperitoneal insulin tolerance test. Values are mean § SD. Statistics by analysis of variance with Tukey honestly significant difference post
hoc test. *Statistical significance of P < 0.05 versus control group. yStatistical significance of P < 0.05 versus HFD group. HFD, high-fat diet; Met, metformin.

Fig. 2. Protein phosphorylation in insulin signaling pathway. (A) Ratio of pHSL (Ser563) to HSL in two depots of adipose tissue. (B) Ratio of pHSL (Ser660) to HSL in two depots
of adipose tissue, white bars = control group; gray bars = HFD group; black bars = HFD/Met group. Values are mean § SD. Statistics by analysis of variance with Tukey honestly
significant difference post hoc test. *Statistical significance of P < 0.05 versus control group. yStatistical significance of P < 0.05 versus HFD group. HFD, high-fat diet; HSL,
hormone-sensitive lipase; Met, metformin.
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caused by an HFD was observed in C18:1-Cer, C22:0-Cer, and
C24:0-Cer. In the HFD group given metformin, the level of all Cers
in both fat depots was significantly lower than in the HFD group,
with the exception of C24:0-Cer in subcutaneous fat, where the
level did not differ significantly from its content in the HFD group
(P < 0.05; Fig. 3; Tables 2 and 3).

In the HFD group, the content of all measured DAG was signifi-
cantly higher in both depots of adipose tissue compared with the
control group (P < 0.05). In the group fed HFD and treated with
metformin, the content of all DAG was lower than in the HFD group
(Fig. 3B; Table 3).

Correlation between Cer and DAG with HOMA-IR, adiponectin, and
TNF-a

We found a positive correlation between the HOMA-IR value
and visceral fat tissue C16-Cer, C24-Cer, and total Cer content and
between HOMA-IR and SAT C18:1-Cer, C22-Cer, and total Cer level.
Moreover, VAT Cer (C16-Cer and total Cer) positively correlated
with the plasma TNF-a concentration. Cytokines also positively
correlated with Cer in subcutaneous fat tissue (C18:1-Cer, C18-Cer,
and total Cer). Negative correlations were observed between
plasma adiponectin and different Cer species from both depots.
More precisely, in visceral fat tissue, adiponectin was strongly cor-
related with C16-Cer, C18:1-Cer, C18-Cer, C20-Cer, and total Cer. In
subcutaneous fat tissue, adiponectin was mainly correlated with
C16-Cer, C18:1-Cer, C22-Cer, and total Cer (Table 4).

We also observed a strong correlation between the HOMA-IR
value and the DAG content from both fat depots. All measured DAG
in VAT (except 18/18:1) strongly correlated with HOMA-IR;
whereas in SAT, a strong correlation was found with 16/16, 16/
18:2, 16/18, and total DAG levels. In addition, all analyzed DAGs
from both fat tissues strongly correlated with TNF-a (positively)
and with adiponectin (negatively; Table 5).



Fig. 3. (A) Total ceramide content in two depots of adipose tissue. (B) Total DAG content in two depots of adipose tissue; white bars = control group; gray bars = HFD group;
black bars = HFD/Met group. Values are mean § SD. Statistics by analysis of variance with Tukey honestly significant difference post hoc test. *Statistical significance of
P < 0.05 versus control group. yStatistical significance of P< 0.05 versus HFD group. DAG, diacylglycerol; HFD, high-fat diet; Met, metformin.

Table 2
The concentration of individual ceramide molecular species in two depots of adipose tissue

Visceral fat tissue Subcutaneous fat tissue

Cer species Control HFD HFD/Met Control HFD HFD/Met

C14:0-Cer 0.007 § 0.001 0.015 § 0.002* 0.013 § 0.004*,y 0.04 § 0.006 0.02 § 0.009* 0.01 § 0.003*,y

C16:0-Cer 0.97 § 0.19 1.76 § 0.27* 1.05 § 0.19y 2.3 § 0.35 3.8 § 0.6* 2.08 § 0.7y

C18:1-Cer 0.008 § 0.001 0.03 § 0.006* 0.01 § 0.003*,y 0.03 § 0.007 0.08 § 0.01* 0.04 § 0.008y

C18:0-Cer 0.10 § 0.02 0.53 § 0.09* 0.38 § 0.06*,y 0.72 § 0.08 1.15 § 0.18* 0.54 § 0.09*,y

C20:0-Cer 0.09 § 0.018 0.34 § 0.08* 0.2 § 0.04*,y 0.38 § 0.08 0.56 § 0.06* 0.24 § 0.04*,y

C22:0-Cer 0.47 § 0.08 0.65 § 0.12* 0.42 § 0.08y 0.62 § 0.09 1.3 § 0.3* 0.75 § 0.08y

C24:1-Cer 0.54 § 0.08 0.62 § 0.09 0.5 § 0.09y 0.93 § 0.14 1.25 § 0.3* 0.99 § 0.13y

C24:0-Cer 1.92 § 0.31 2.8 § 0.42* 1.68 § 0.3y 1.73 § 0.33 3.95 § 0.68* 3.77 § 0.61*

Cer, ceramide; HFD, high-fat diet; Met, metformin.
Values are mean pmol/mg of tissue.
Statistics by analysis of variance with Tukey honestly significant difference post hoc test.
*P< 0.05 vs control.
yP< 0.05 vs HFD.
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Discussion

Obesity is a complex metabolic state, associated with several
disorders, such as atherosclerosis, cardiovascular diseases, IR, and
T2D. Although adipose tissue does not play a major role in glucose
uptake, it seems to play a dominant one in the pathogenesis of IR.
However, the molecular changes in the tissue that initiate these
disorders are not completely understood. In the present study, we
demonstrated that HFD induced IR, which was manifested by
Table 3
The concentration of individual DAG molecular species in two depots of adipose tissue.

Visceral fat tissue

DAG species Control HFD HFD/Me

16:0/16:0 0.41 § 0.07 1.1 § 0.17* 0.44 § 0.
16:0/18:1 1.8 § 0.22 7.2 § 1.1* 3.17 § 0.
16:0/18:2 1.1 § 0.20 3.13 § 0.49* 1.1 § 0.
16:0/18:0 0.29 § 0.06 1.11 § 0.18* 0.37 § 0.
18:1/18:1 1.13 § 0.25 6.7 § 0.95* 1.6 § 0.
18:1/18:2 1.11 § 0.20 5.35 § 0.84* 1.60 § 0.
18:0/18:1 0.01 § 0.004 0.05 § 0.008* 0.017 § 0.

DAG, diacylglycerol; HFD, high-fat diet; Met, metformin.
Values are mean pmol/mg of tissue § SD.
Statistics by analysis of variance with Tukey honestly significant difference post hoc test.
*P< 0.05 vs control.
yP< 0.05 vs HFD.
higher fasting plasma glucose and insulin concentration, impaired
glucose and insulin tolerance, and higher HOMA-IR values. Metfor-
min treatment enhanced glucose and insulin tolerance and
restored the insulin and glucose concentrations to the values
observed in the control group. Moreover, as expected, in animals
fed an HFD, we observed an increase in plasma FFA concentration,
especially the long-chain FAs (Table 2). The elevated FA concentra-
tion associated with obesity has been shown frequently by other
researches [31�38]. Plasma FFA are taken up by peripheral tissues
Subcutaneous fat tissue

t Control HFD HFD/Met

08y 1.04 § 0.27 3.6 § 0.62* 0.83 § 0.09y

6*,y 4.23 § 0.78 19.8 § 3.8* 6.25 § 0.99*,y

1y 1.9 § 0.50 6.4 § 1* 1.57 § 0.29y

07y 0.4 § 0.08 3.2 § 0.66* 1.27 § 0.26*,y

36y 2.4 § 0.39 11.1 § 1.48* 4.89 § 0.86 *,y

36y 2.20 § 0.64 15.2 § 2.4* 4.80 § 0.66*,y

003y 0.03 § 0.009 0.37 § 0.066* 0.05 § 0.01y



Table 4
Relationships between metabolic parameters and the concentrations of individual ceramide species in two fat depots

Visceral fat tissue Subcutaneous fat tissue

Cer species HOMA-IR TNF-a ADIPO HOMA-IR TNF-a ADIPO

C14:0-Cer 0.18
P = 0.393

0.48
P = 0.017

�0.49
P = 0.014

�0.20
P = 0.346

�0.087
P =�0.0685

0.34
P = 0.104

C16:0-Cer 0.72
P < 0.0002*

0.70
P < 0.0002*

�0.78
P < 0.0002*

0.66
P = 0.0003

0.67
P = 0.0003

�0.71
P < 0.0002*

C18:1-Cer 0.69
P < 0.0002*

0.69
P = 0.0003

�0.74
P < 0.0002*

0.69
P < 0.0002*

0.79
P < 0.0002*

�0.79
P < 0.0002*

C18:0-Cer 0.61
P = 0.002

0.62
P = 0.001

�0.71
P < 0.0002*

0.66
P < 0.0002

0.77
P < 0.0002*

�0.60
P = 0.002

C20:0-Cer 0.64
P = 0.001

0.67
P = 0.0003

�0.74
P < 0.0002*

0.55
P = 0.005

0.65
P = 0.001

�0.51
P = 0.01

C22:0-Cer 0.49
P = 0.014

0.61
P = 0.002

�0.50
P = 0.013

0.72
P < 0.0002*

0.62
P = 0.001

�0.75
P < 0.0002*

C24:1-Cer 0.42
P = 0.040

0.27
P = 0.198

�0.37
P = 0.071

0.34
P = 0.100

0.58
P = 0.003

�0.45
P = 0.026

C24:0-Cer 0.69
P < 0.0002*

0.67
P = 0.0003

�0.62
P = 0.001

0.53
P = 0.007

0.37
P = 0.075

�0.64
P = 0.001

Total-Cer 0.73
P < 0.0002*

0.72
P < 0.0002*

�0.74
P < 0.0002*

0.74
P < 0.0002*

0.70
P < 0.0002*

�0.82
P < 0.0002*

ADIPO, adipose; Cer, ceramide; HOMA-IR, homeostatic model of assessment with insulin resistance; TNF, tumor necrosis factor.
Upper values in each cell of the table show Pearson's r coefficient, whereas lower values show correlation P-value.
*Significant correlations after Bonferroni correction for multiple comparisons.

Table 5
Relationships between metabolic parameters and the concentration of individual DAG molecular species in two fat depots

Visceral fat tissue Subcutaneous fat tissue

DAG species HOMA-IR TNF-a ADIPO HOMA-IR TNF-a ADIPO

16:0/16:0 0.77
P < 0.0002*

0.73
P< 0.0002*

�0.76
P < 0.0002*

0.78
P < 0.0002*

0.77
P< 0.0002*

�0.72
P < 0.0002*

16:0/18:1 0.74
P < 0.0002*

0.85
P< 0.0002*

�0.78
P < 0.0002*

0.68
P = 0.0003

0.75
P< 0.0002*

�0.80
P < 0.0002*

16:0/18:2 0.79
P < 0.0002*

0.77
P< 0.0002*

�0.76
P < 0.0002*

0.81
P < 0.0002*

0.81
P< 0.0002*

�0.74
P < 0.0002*

16:0/18:0 0.74
P < 0.0002*

0.85
P< 0.0002*

�0.76
P < 0.0002*

0.78
P < 0.0002*

0.77
P< 0.0002*

�0.81
P < 0.0002*

18:1/18:1 0.78
P < 0.0002*

0.78
P< 0.0002*

�0.77
P < 0.0002*

0.63
P = 0.0003

0.80
P< 0.0002*

�0.78
P < 0.0002*

18:1/18:2 0.75
P < 0.0002*

0.81
P< 0.0002*

�0.80
P < 0.0002*

0.67
P = 0.0003

0.80
P< 0.0002*

�0.79
P < 0.0002*

18:0/18:1 0.68
P < 0.0002

0.76
P< 0.0002*

�0.79
P < 0.0002*

0.68
P = 0.0003

0.84
P< 0.0002*

�0.75
P < 0.0002*

Total DAG 0.78
P < 0.0002*

0.82
P< 0.0002*

�0.80
P < 0.0002*

0.72
P < 0.0002*

0.81
P< 0.0002*

�0.81
P < 0.0002*

ADIPO, adipose; DAG, diacylglycerol; HOMA-IR, homeostatic model of assessment with insulin resistance; TNF, tumor necrosis factor.
Upper values in each cell of the table show Pearson's r coefficient, whereas lower values show correlation P-value.
*Significant correlations after Bonferroni correction for multiple comparisons.
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(e.g., skeletal muscle) where they are used as an energy substrate
in the b-oxidation process or as a substrate in de novo lipid biosyn-
thesis. The concentration of plasma FFA depends mainly on the
lipolysis of TGs stored in adipocytes, and HSL is the key enzyme
responsible for their hydrolysis. It should be emphasized that the
activation of HSL is associated with phosphorylation of the enzyme
in numerous serine residues, including Ser-660 and Ser-563. Under
physiologic conditions, insulin inhibits HSL activity, therefore the
release of FFA from TAG is attenuated. However, in the IR state,
insulin is not able to effectively inhibit HSL activity, and plasma
FFA levels increase. In the present study, we analyzed the phos-
phorylation state of HSL at activatory sites (Ser-660 and Ser-563)
and found that in the HFD group, the HSL phosphorylation
increased in both fat depots, which explains the increase in plasma
FFA levels. Metformin treatment restored FFA concentration to
control value. This effect has been previously observed by other
researchers, but the mechanism of this decrease at the adipose tis-
sue level has not been clarified [39�41]. We previously
demonstrated that metformin treatment leads to increased FA
uptake by skeletal muscles and facilitates their transport to the
mitochondria, improving the b-oxidation process, which contrib-
utes to a decrease in plasma FFA levels [40]. On the other hand,
decreased levels of FAs may result from a reduction in HSL activity,
which is manifested by reduced HSL phosphorylation. Metformin
is known to activate AMPK [42]. In adipose tissue, activated AMPK
phosphorylates the HSL at the Ser-565 residue, preventing phos-
phorylation at the activatory sites and thus inhibiting the activity
of this enzyme [25,26]. In vitro studies have demonstrated that
metformin reduces lipolysis in primary adipocytes [43,44]. Consis-
tent with previous reports, we observed reduced phosphorylation
of both activation serine residues (Ser-660 and Ser-563), demon-
strating that also in vivo, metformin inhibits the lipolytic action of
HSL, which is manifested by a decrease in plasma FFA.

As previously mentioned, FAs are a substrate in the de novo
synthesis of other lipids, including biologically active lipids (Cer
and DAG). It has been demonstrated that accumulation of Cer and
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DAG in skeletal muscle is associated with IR [12�14,40,45�47].
However, the effect of adipose tissue bioactive lipids accumulation
is poorly understood. There are some papers showing that in obe-
sity, the level of Cer and DAG is increased in subcutaneous fat tissue
[20,21,48] and in epicardial fat tissue [21], but there is no informa-
tion on the role of metformin treatment on the lipid content in adi-
pose tissue. The present study demonstrated that in the group fed
the HFD, the content of both Cer and DAG increased in visceral and
subcutaneous fat tissues, whereas metformin treatment of animals
fed the HFD resulted in a reduction in the content of Cer and DAG
in both types of adipose tissues. In addition, it should be empha-
sized that the reduction of Cer and DAG content was accompanied
by a decrease in HSL phosphorylation, which indicates an improve-
ment in the insulin sensitivity of the adipose tissue.

Currently, adipose tissue is perceived not only as a storage for
energy in the form of TGs, but also as an endocrine organ that
secretes a number of biologically active compounds that affect the
insulin sensitivity in peripheral tissues. In the present study, we
analyzed the concentration of adiponectin and TNF-a and the cor-
relation between these adipocytokines and individual bioactive lip-
ids in both fat depots. We found that the adiponectin concentration
decreased, whereas TNF-a increased in the group fed the HFD.
Metformin treatment restored the adipocytokines to control
value. In addition, we observed a strong negative correlation
between plasma adiponectin concentration and C16-Cer, C18:1-Cer,
C18-Cer, and C20-Cer in visceral fat tissue and between plasma adi-
ponectin and C16-Cer, C18:1-Cer, and C22-Cer in subcutaneous fat
tissue. Furthermore, we demonstrated a strong negative correlation
between plasma adiponectin concentration and content of eachmea-
sured DAG in both fat tissues. A negative correlation between
C16-Cer in SAT and plasma adiponectin was previously demon-
strated in women [20]. These results demonstrate that biologically
active lipids, Cer, and in particular DAG, are involved in the regula-
tion of the expression or secretion of adipokines from adipose tissue,
which means that these lipid species inhibit expression or secretion
of adiponectin. Moreover, we observed a strong positive correlation
between plasma TNF-a concentration and C16-Cer in VAT and
between TNF-a concentration and C18:1-Cer and C18-Cer in subcu-
taneous fat tissue. Furthermore, a strong positive correlation was
observed between TNF-a concentration and all measured DAG spe-
cies in both visceral and subcutaneous fat tissue. Data presented in
the present study indicate that biologically active lipids participate in
the regulation of adipocytokines synthesis or secretion from the
adipose tissue to the bloodstream.

Taken together, the HFD induced IR, which was manifested by
increased insulin and glucose concentration and elevated HOMA-
IR value. Moreover, the IR state was associated with increased
content of Cer and DAG in both fat depots and decreased plasma adi-
ponectin concentration and increased concentration of TNF-a and
FFA. In addition, HFD led to IR of both visceral and subcutaneous fat
tissue, which was reflected in the increase of HSL phosphorylation.
Metformin treatment restored the IR indicators and FFA concentra-
tion to control values. To our knowledge, this is the first time that in
vivo metformin has been shown to lead to reductions in both Cer
and DAG content in the two fat depots and inhibited the action of
HSL, which had a beneficial effect on whole-body insulin sensitivity.
Furthermore, we also observed a decrease in plasma TNF-a
concentration and an increase in adiponectin concentration in
the group treated with metformin. In addition, because we
observed a strong correlation between adiponectin (negative)
and TNF-a (positive) and the content of bioactive lipids (mainly
DAG) in both fat tissues, we postulate that these lipids play an
important role in regulating the expression or secretion of
adipocytokines.
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