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Abstract

Objective: This study tested the hypothesis that limited subcutaneous adipose tissue

(SAT) expansion represents a primary predisposition to the development of type

2 diabetes mellitus (T2DM), independent of obesity, and identified novel markers of

SAT dysfunction in the inheritance of T2DM.

Methods: First-degree relatives (FDR) of T2DM patients (n = 19) and control

individuals (n = 19) without obesity (fat mass < 25%) were cross-sectionally

compared. Body composition (bioimpedance, computed tomography) and insulin

sensitivity (IS; oral glucose tolerance test, clamp) were measured. SAT obtained

by needle biopsy was used to analyze adipocyte size, lipidome, mRNA expres-

sion, and inflammatory markers. Primary cultures of adipose precursors were

analyzed for adipogenic capacity and metabolism.

Results: Compared with control individuals, FDR individuals had lower IS and a

higher amount of visceral fat. However, SAT-derived adipose precursors

did not differ in their ability to proliferate and differentiate or in metabolic

parameters (lipolysis, mitochondrial oxidation). In SAT of FDR individuals, lipido-

mic and mRNA expression analysis revealed accumulation of triglycerides con-

taining polyunsaturated fatty acids and increased mRNA expression of lysyl

oxidase (LOX). These parameters correlated with IS, visceral fat accumulation,

and mRNA expression of inflammatory and cellular stress genes.

Conclusions: The intrinsic adipogenic potential of SAT is not affected by a family his-

tory of T2DM. However, alterations in LOX mRNA and polyunsaturated fatty acids

in triacylglycerols are likely related to the risk of developing T2DM independent of

obesity.
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INTRODUCTION

It is estimated that 463 million people worldwide had type 2 diabetes

mellitus (T2DM) in 2019, and this number is expected to rise to

700 million in just 25 years [1]. An individual’s risk of developing

T2DM results from a combination of genetic predisposition and envi-

ronmental factors. Heredity plays an important role in the develop-

ment of T2DM because first-degree relatives (FDR) have higher

incidence (hazard ratio 2.44, 95% confidence interval [CI]: 2.03–2.95)

of the disease than individuals with no family history of diabetes,

regardless of body mass index (BMI), waist circumference, and other

risk factors [2]. However, the majority (85%–90%) of patients with

T2DM also have overweight or obesity [3], which makes the presence

of overweight/obesity another important risk factor for the develop-

ment of diabetes.

The accumulation of adipose tissue (AT) in obesity is often associ-

ated with its hypertrophy leading to dysfunction. Hypertrophied adi-

pocytes exhibit lower insulin sensitivity (IS), higher basal lipolysis, and

increased production of inflammatory cytokines that contribute to the

development of low-grade chronic inflammation [4]. AT hypertrophy

is also associated with immune cell accumulation and fibrosis [5], as

well as with lipid accumulation and lipotoxicity in other tissues [6, 7].

All of these features of hypertrophied AT are associated with the

development of insulin resistance (IR) and subsequent diabetes in

individuals with obesity. Nevertheless, findings that have sup-

ported the theory of AT dysfunction in hypertrophic obesity are

mostly derived from murine models, whereas human data are much

scarcer and the level of evidence a lot weaker. In humans, hypertro-

phic subcutaneous AT (SAT) was found in individuals diagnosed

with impaired glucose tolerance and T2DM [8, 9], as well as in indi-

viduals with a genetic predisposition to T2DM who do not have

obesity [5, 10, 11]. The main cause of SAT hypertrophy in these

individuals is thought to be a reduced ability of adipocyte precur-

sors (APCs) to differentiate into new metabolically healthy adipo-

cytes [6, 12], i.e., reduced SAT hyperplastic expandability [13].

Indeed, it has been shown that limited adipogenic capacity of APCs

is present in individuals with T2DM [14] and in FDR individuals

[15, 16]. One important contributor to limited ability of adipocytes

to differentiate in these individuals was senescent phenotype of

APCs [15, 16]. However, predisposed individuals in previous stud-

ies have already had slightly increased amounts of fat, which may

mask the primary cause of hypertrophy and reduced adipogenic

capacity in these people.

Therefore, in this study, we tested whether the limited hyperplas-

tic expandability is indeed present before the fat accumulates in FDR

individuals, i.e., whether it is a primary inherited feature. We also

focused on other characteristics of dysfunctional SAT such as a proin-

flammatory state, altered immune cell profile, fibrosis, senescence,

and impaired metabolic activity (lipolysis, lipogenesis), which might

strongly affect a differentiation of new adipocytes. We analyzed

whether these SAT characteristics were related to the observed

in vivo phenotype of our participants, specifically measures of adipos-

ity, IS, and glucose homeostasis.

METHODS

Participants and design

Male individuals without obesity (BMI, 20–30 kg/m2; age, 25–

45 years) were recruited according to the family history of T2DM

into two groups: 1) FDR individuals of patients with T2DM; and 2)

control group (CON), i.e., individuals without any family history

of T2DM. A total of 51 male individuals were evaluated for

compliance with the inclusion and exclusion criteria (see online

Supporting Information Methods). Based on medical history and

laboratory findings, 38 eligible participants (Figure 1; FDR [n = 19],

CON [n = 19]) were considered as generally healthy, except for

several cases of impaired fasting glucose and impaired glucose tol-

erance (CON [n = 3]; FDR [n = 4]). The groups did not differ in

BMI, fat mass (FM), or age (Table 1). Importantly, the presence of

impaired fasting glucose or impaired glucose tolerance in both

Study Importance

What is already known?

• Hypertrophy of subcutaneous adipose tissue (SAT) is

found not only in individuals with obesity but also in indi-

viduals with a family predisposition to type 2 diabetes

mellitus (T2DM) without obesity and is associated with

unfavorable metabolic phenotype and insulin resistance.

• It is uncertain whether the primary cause of SAT hyper-

trophy in relatives of patients with T2DM prior to the fat

mass accumulation is limited adipogenic capacity or

whether there is another cause of SAT dysfunction in

these individuals.

What does this study add?

• In vitro adipogenic potential and metabolism of adipose

cells are not impaired by family predisposition to T2DM

in lean male individuals.

• Increase in triglycerols containing polyunsaturated fatty

acids and (lysyl oxidase) LOX mRNA is present in male

first-degree relatives and is associated with visceral fat

accumulation and insulin resistance, as well as with

inflammatory and cellular stress genes in SAT.

How might these findings change the direction of

research or the focus of clinical practice?

• Our findings suggest that there are functional changes in

SAT in lean individuals who are predisposed to T2DM

that are not primarily related to limited adipogenic capac-

ity but reveal new pathways for further research into the

pathophysiology and treatment of T2DM.

548 HEREDITY OF T2DM AND ADIPOSE TISSUE DYSFUNCTION



groups of participants did not affect the overall results of the study

(Figures S1–S4). All procedures were in accordance with the 1964

Declaration of Helsinki and were approved by ethics committee of

the Third Faculty of Medicine, Charles University and Královské

Vinohrady University Hospital (Prague, Czech Republic). Informed

consent was obtained from all participants included in the study.

Trial registration number is NCT03155412 (ClinicalTrials.gov).

Clinical investigations

Anthropometric measurements, blood sampling, and needle biopsy of

SAT were performed after overnight fast, as previously described [17].

A 2-h oral glucose tolerance test (OGTT) was performed with a 75-g

glucose drink, and IS indices, namely the Matsuda and Stumvoll indi-

ces [18, 19], were calculated. The hyperinsulinemic-euglycemic clamp

was performed as described [17]. Glucose disposal was calculated

from the last 30-min steady-state glucose infusion rate (glucose dis-

posal, corrected for body fat-free mass [FFM] = milligrams of infused

glucose per kilograms of FFM per minute; metabolic clearance = M-

value per mean glucose in steady state � [100/18] [milliliters per kilo-

grams per minute]). In the majority of participants (CON [n = 18];

FDR [n = 16]), computed tomography scanning for the evaluation of

visceral AT (VAT) and SAT volume was performed as described previ-

ously [20].

SAT sample processing

The samples of SAT (2–3 g) were aseptically washed with phosphate-

buffered saline (PBS)/gentamicin, cleaned from blood vessels and

fibrous material, and divided into aliquots: �300 mg were snap-frozen
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• declined to participate (n=2)
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Excluded (n=0-11)
• low amount of SAT

F I GU R E 1 Flow diagram of study design. FDR, first-degree relative; FM, fat mass; SAT, subcutaneous adipose tissue; T2D, type 2 diabetes
mellitus.

T AB L E 1 Anthropometric and biochemical characteristics of CON
and FDR participants

CON
(n = 19)

FDR
(n = 19) p value

Age (y) 35 ± 4 35 ± 5 0.868

Weight (kg) 81.9 ± 9.5 84.4 ± 6.6 0.297

BMI (kg/m2) 24.6 ± 2.0 25.6 ± 2.2 0.147

Waist

circumference (cm)

84.4 ± 5.4 86.4 ± 6.6 0.325

FM (%) 16.7 ± 3.9 18.7 ± 3.8 0.124

FFM (kg) 68.0 ± 7.2 68.5 ± 4.3 0.797

SAT (mL) 318 ± 180b 380 ± 135a 0.264

VAT (mL) 176 ± 98b 292 ± 172a 0.020

SAT/VAT ratio 1.99 ± 0.94b 1.54 ± 0.57a 0.080

TAG (mmol/L) 0.90 ± 0.41 0.94 ± 0.42 0.780

HDL (mmol/L) 1.35 ± 0.28 1.33 ± 0.30 0.807

Cholesterol (mmol/L) 4.32 ± 0.70 4.70 ± 0.88 0.164

Note: Data are expressed as mean ± SD; p value: unpaired t test (data

were log-transformed when needed, based on Shapiro–Wilk

normality test).

Abbreviations: CON, control; FDR, first-degree relative; FFM, fat-free

mass; FM, fat mass; HDL, high-density lipoprotein; SAT, subcutaneous

adipose tissue; TAG, triglyceride; VAT, visceral adipose tissue.
aClinical variable was measured in 16 patients.
bClinical variable was measured in 18 patients.
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in aliquots in liquid nitrogen and then stored at �80�C until subse-

quent analyses (lipidomics, mRNA expression), and �2 g were minced

and digested by collagenase for isolation of adipocytes and stromal

vascular fraction (SVF) cells (including preadipocytes and immune

cells) [17]. SVF cells were used for cell culture establishment and flow

cytometry analysis. In a subgroup of participants (CON [n = 13]; FDR

[n = 12]), explants of SAT (�300 mg) and SAT lysates were prepared

(online Supporting Information Methods). Owing to the limited vol-

ume of SAT obtained by needle biopsy or due to technical reasons

imposed by the methodology, different numbers of SAT samples were

analyzed by each technique (CON [n = 8–19]; FDR [n = 9–19]; exact

numbers are given for each analysis/figure).

Adipocyte size

The adipocytes isolated by collagenase digestion were separated

by centrifugation (300 g/10 min) and transferred to the 1% bovine

serum albumin (BSA)/PBS solution (1:1) with methylene blue.

Images of the adipocyte suspension were captured by fully

inverted automated research microscope Leica DMI 6000 CS with

attached monochrome camera Leica DFC 350 FX on right port.

The pictures were acquired by bright field 10 � 0.3 DRYobjective

via software Leica LAS AF 2.7.2. For each participant, three images

were taken (on average, 350 adipocytes/picture) and analyzed

using the software CellProfiler combined with an in-house pro-

gram designed to distinguish adipocytes from free lipid droplets.

Relative frequency (percentage), which reflects the fraction of adi-

pocytes in different size groups, was calculated using frequency

distribution analysis (GraphPad Prism software), when bin width

was set to 10 μm and the range of size was 15 to 145 μm. Adipo-

cytes smaller than 15 μm or larger than 145 μm were excluded

from the analysis due to the very small number of cells with this

diameter.

Primary preadipocyte proliferation and differentiation

SVF cells after collagenase digestion were cultivated in prolifera-

tion medium (composition in online Supporting Information

Methods) upon 70% confluence and passed twice prior cryopreser-

vation. For proliferation testing, WST-1 assay and sensitivity of

preadipocytes to proliferation stimuli (fetal bovine serum, FBS) was

applied (Supporting Information Methods).

For differentiation, cells were plated in the density of 10,000

cells/cm2 and allowed to grow until they were 2-days postconfluent,

and then the differentiation was started by adipogenesis induction

media (online Supporting Information Methods). After 6 days, an adi-

pogenesis maintenance medium was used (Supporting Information

Methods) until day 12. The level of differentiation was analyzed by

Oil Red O (ORO) staining and mRNA expression.

Analysis of insulin signaling, lipolytic assay, and Western blot were

performed as described in online Supporting Information Methods.

Seahorse measurement

The oxygen consumption rate was measured in a subgroup of

participants (CON [n = 8]; FDR [n = 9]). Preparation of cells and

setting of the experiment are described in online Supporting

Information Methods. To analyze individual inputs of glucose and

fatty acids, cells were treated with etomoxir (inhibitor of carnitine

palmitoyltransferase-1) or UK5099 (inhibitor of the mitochondrial

pyruvate transporter).

Flow cytometry analysis of immune cell populations

Collected SVF cells were stained with the antibodies and analyzed

on BD FACSVerse flow cytometer and by BD FACSuite Software

1.0.6 (BD Biosciences). The set of antibodies is listed in online Sup-

porting Information Methods. The number of immune cells in the

analyzed populations was expressed as a percentage of gated

events related to CD45+/CD14+ (monocytes/macrophages) and

CD3+/CD4+ (lymphocytes) positive events. The gating strategy and

description of cell populations were similar as described [17].

Untargeted lipidomics

Extraction of SAT samples (�20 mg) was performed by a

biphasic solvent system of cold methanol, methyl tert-butyl ether,

and water [21]. The liquid chromatography–mass spectrometry

analysis consisted of a Vanquish UHPLC System (Thermo Fisher

Scientific) coupled to a Q Exactive Plus mass spectrometer

(Thermo Fisher Scientific) and UltiMate 3000 RSLC UHPLC

system coupled to a QTRAP 5500/SelexION mass spectrometer

(SCIEX) [21].

Gene expression analysis

RNA isolation and transcription was performed as described in

online Supporting Information Methods. All of the samples were

measured in technical duplicates, and the biological replicates for

each analysis are listed in figure legends. For microfluidics, 4 ng of

complementary DNA was pre-amplified within 16 cycles. TaqMan

gene expression assays of all target genes (Tables S1–S3) were

pooled together and diluted with water to the final concentration

of 0.2� for each probe. The real-time quantitative polymerase

chain reaction was performed in duplicates on Biomark real-time

quantitative polymerase chain reaction system using a 96 � 96

array (Fluidigm) or on sequence detection system (ABI PRISM

7500; Applied Biosystems). Data were normalized to the reference

gene TATA box binding protein (TBP), and the relative expression

was calculated as 2�ΔCt and 2�ΔΔCt.

Analyses of plasma, AT lysates, and conditioned media are

described in online Supporting Information Methods.
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Statistical analysis

Data were analyzed using GraphPad Prism version 9.2.0 and 10.1.0 soft-

ware. Data are presented as mean ± SD or SEM or as median with inter-

quartile range (IQR) (mRNA expression). The analysis was performed in

eight to nineteen CON and nine to nineteen FDR participants based on

availability and/or quality control of the samples and outlier analysis

(ROUT method, Q 0.1%). Differences between CON and FDR groups

were analyzed by two-tailed unpaired t test, and data were log-

transformed for analysis when needed (based on Shapiro–Wilk normality

test). The data sets of mRNA gene expression were analyzed by multiple

Mann–Whitney tests with two stage step-up method of Benjamini, Krie-

ger, and Yekutieli (FDR < 0.05). Correlations are expressed by Pearson’

correlation coefficient. Lipidomic data set was processed in MetaboAna-

lyst as described previously [21]. The level of significance was set at

p < 0.05; q value (false discovery rate-adjusted p value) < 0.05.

RESULTS

Family predisposition to T2DM affects IS and amount
of visceral fat

CON and FDR participants did not differ in most anthropometric and

biochemical parameters; however, FDR participants showed higher

amounts of VAT (Table 1). FDR individuals also had higher fasting glu-

cose levels and lower IS as assessed by the Matsuda and Stumvoll

indices (Table 2), whereas glucose disposal, corrected for FFM; meta-

bolic clearance; and the AT insulin resistance index (Adipo-IR) values

did not differ between the groups. There was no significant difference

in the mean size of isolated adipocytes between the groups (CON

[70.9 ± 2.7]; FDR [70.7 ± 2.9] μm). Although the distribution of adipo-

cyte sizes was also similar, a trend to higher relative frequency of large

hypertrophied adipocytes (130 ± 5 μm; p = 0.06) and lower relative

frequency of medium-size adipocytes (80 ± 5 μm) in FDR participants

(p = 0.06; Figure 2B) was present. In the entire cohort, large adipo-

cytes (95–145 μm) correlated positively with waist circumference,

FM, amount of SAT and VAT, lipid parameters, and plasma leptin

levels and correlated negatively with some IS indices. Small-

to-average adipocytes (35–85 μm) had an opposite correlation pattern

(Figure 2C).

Proinflammatory and the fibrotic microenvironment plays an

important role in pathogenesis of T2DM [5, 22]. Therefore, we ana-

lyzed composition of immune cells and markers of inflammation and

fibrosis in SAT. Our data show higher relative content of C-C chemo-

kine receptor type 2 (CCR2)-positive macrophages in FDR partici-

pants, whereas other immune cells populations were not different

between FDR and CON participants (Figure 2D). The levels of

hydroxyproline, a surrogate measure of fibrosis, and levels of several

soluble markers of fibrosis and cytokines (Figure 2E,F) in media condi-

tioned by SAT explants did not differ between groups. In the entire

cohort, the interleukin 6 (IL-6) secreted by SAT correlated with waist

circumference, amount of VAT and SAT, and relative number of large

adipocytes (120 μm; Figure 2G, not shown). Thus, the proportion of

SAT hypertrophic adipocytes is related to the proinflammatory char-

acteristics of SAT, which is consistent with previous studies; however,

in general, levels of immune/inflammatory state and fibrotic markers

were not affected by family predisposition to T2DM.

Intrinsic proliferative and differentiation potential of
preadipocytes

To test the hypothesis that intrinsic adipogenic potential of SAT is

impaired in FDR individuals, we used an in vitro culture model of pri-

mary preadipocytes in which the cells retain donor properties

(Figure 3A) [23]. The proliferative capacity did not differ between the

preadipocytes of FDR and CON participants (Figure 3B). Also, mRNA

expression (97 analyzed genes) showed no substantial difference in

the cellular mRNA expression. Only toll-like receptor 4 (TLR4) and

integrin subunit β 1 (ITGB1) mRNA were higher in the preadipocytes

of FDR participants (p < 0.05; Figure 3C); however, the significance

disappeared after multiple testing correction (Table S1). When preadi-

pocytes from both groups of participants were differentiated into adi-

pocytes, they accumulated similar amounts of neutral lipids and

T AB L E 2 Parameters of IS, glucose homeostasis, and adipokines
in CON and FDR participants

CON

(n = 19)

FDR

(n = 19)

p

value

Glucose (mmol/L) 5.27 ± 0.46 5.52 ± 0.33 0.048

Insulin (mU/L) 5.11 ± 2.80 7.39 ± 4.38 0.064

FFA (mmol/L) 1.09 ± 0.47 0.97 ± 0.33 0.369

HOMA-IR 1.22 ± 0.73 1.81 ± 1.06 0.075

AUC Ins OGTT 4108 ± 1587 4830 ± 2444 0.287

AUC Glu OGTT 189 ± 98 174 ± 66 0.581

Insulin OGTT 120min

(mU/L)

21.6 ± 10.9 34.6 ± 20.4 0.019

Insulin HIC 120min

(mU/L)

68.2 ± 15.9 67.1 ± 20.5 0.850

Matsuda index 8.35 ± 3.99 6.12 ± 2.77 0.043

Stumvoll index 0.114 ± 0.009 0.105 ± 0.013 0.019

MCRglu (mL/kg/min) 8.03 ± 2.90 7.41 ± 2.41 0.476

MFFM (mg/kg/min) 7.95 ± 2.14 7.65 ± 2.43 0.689

Adipo-IR 5.6 ± 4.6 7.5 ± 5.9 0.293

Adiponectin (μg/mL) 3.52 ± 1.31 2.99 ± 1.73 0.118

Leptin (ng/mL) 2.90 ± 1.82 4.00 ± 3.49 0.280

Note: Data are expressed as mean ± SD; p value: unpaired t test (data

were log-transformed for analysis when needed, based on Shapiro–Wilk

normality test).

Abbreviations: Adipo-IR, adipose tissue insulin resistance index; AUC, area

under the curve; CON, control; FDR, first-degree relative; FFA, free fatty

acids; Glu, glucose; HOMA-IR, homeostatic model assessment of insulin

resistance; HIC, hyperinsulinemic-euglycemic clamp; Ins, insulin; IS, insulin

sensitivity; MCRglu, metabolic clearance of glucose; MFFM, glucose disposal

(corrected for body fat-free mass); OGTT, oral glucose tolerance test.
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expressed similar mRNA levels of adipogenic markers (Figure 3D,F,

Table S2). Of the genes analyzed (n = 47), perilipin 2 (PLIN2), matrix

metalloproteinase-2 (MMP2), and fibroblast growth factor 1 (FGF1)

seemed to be elevated in adipocytes of FDR participants

(Figure 3G, Table S2). Interestingly, lipid accumulation in vitro

(ORO staining) correlated with proportion of large (110–140 μm)

adipocytes in FDR participants, suggesting that the differentiation

capacity is diminished in precursors from FDR participants with
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already hypertrophic SAT, whereas a similar association was not

seen in the CON group (Figure 3E). However, multiple regression

analysis did not confirm direct dependence of this association on

diabetes heritability (adipocyte size 110–140: F [1,26] = 7.73,

β = �0.1818, p = 0.01; group: F [1,26] = 0.094, β = 0.473,

p = 0.76; Figure 3E).
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[Color figure can be viewed at wileyonlinelibrary.com]
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Owing to a presence of rosiglitazone, a peroxisome proliferator-

activated receptor γ (PPARγ) agonist and highly potent adipogenic

stimulant, in standard adipogenic media could mask subtle differences

in the intrinsic adipogenic capacity of cells, we exposed cells to adipo-

genic medium with and without rosiglitazone for 3 days to follow

early steps of adipogenic conversion, which are typically critical for

the overall outcome of in vitro adipogenesis. Cells from FDR partici-

pants differentiated for 3 days in the absence of rosiglitazone showed

higher PLIN2, glucose transporter type 4 (GLUT4), ribosomal protein

S13 (RPS13), and hypoxia inducible factor 1 subunit α (HIF1α) mRNA

levels. Interestingly, PLIN2 and FGF1 were increased in cells of FDR

participants in both stages of adipogenesis, at 3 and 12 days of differ-

entiation (Figure 3G). However, obtained statistical significances dis-

appeared after correction for multiple testing (Tables S3 and S4).

Altogether, cells from FDR participants did not have a significantly

reduced ability to proliferate and differentiate into adipocytes in vitro.

Metabolism of in vitro differentiated adipocytes

In in vitro differentiated adipocytes, we investigated metabolic path-

ways important for healthy AT function, i.e., insulin signaling, lipolytic

activity, and mitochondrial respiration (Figure 4). Protein kinase B

(Akt) phosphorylation was reduced in cells of FDR participants 5 min

after insulin addition, but not after 20 min (Figure 4A), suggesting a

delayed insulin signaling response. Lipolytic activity was studied as

glycerol release and hormone-sensitive lipase phosphorylation. How-

ever, the ability of isoproterenol and 8-bromoadenosine 3’,5’-cyclic

AMP (8-bromo-cAMP) to induce a lipolytic response and the ability of

insulin to suppress this induced lipolysis did not differ between groups

(Figure 4B).

To test the mitochondrial metabolism of adipocytes, we analyzed

ATP-related respiration and maximal/spare respiratory capacity using

substrates from glycolysis or β oxidation (Figure 4C). Input from gly-

colysis was inhibited by a pyruvate transport inhibitor (UK5099), and,

conversely, input from β oxidation was blocked by a long-chain mito-

chondrial fatty acid transport inhibitor (etomoxir). At the same time,

the effect of insulin was studied to stimulate glucose uptake and

inhibit potential lipolysis, thereby reducing the intracellular availability

of free fatty acids. According to the results, at a basal state, adipo-

cytes use glucose and fatty acids for respiration to a similar extent,

whereas, during maximal respiration, these cells rely on pyruvate, irre-

spective of group (Figure 4D).

Taken together, our data suggest similar metabolic capacity of

in vitro differentiated adipocytes from both groups despite a delayed

insulin stimulated Akt phosphorylation in FDR participants.

SAT lipid profile and mRNA expression

Because the cells cultured in vitro appear to function well, we decided

to gain further insight into SAT metabolic characteristics in vivo. We

analyzed the lipid profile and mRNA expression in intact SAT samples.

Lipidomic analysis detected 471 lipid species. Orthogonal Partial least

squares - discriminant analysis of these lipid species revealed an apparent

separation between the CON and FDR groups (Figure 5A), and variable

importance in projection identified 146 discriminating lipid molecules

(Table S5). Among the top 20 lipid molecules most differing between the

FDR and CON groups, triglycerides containing polyunsaturated fatty acids

(PUFA-TAGs) and phospholipids containing saturated or monounsaturated

fatty acids (MUFA-PLs) were identified (Figure 5B,C). The levels of PUFA-

TAGs were higher and MUFA-PLs lower in FDR participants. Noticeably,

in the entire cohort, PUFA-TAGs were positively correlated with the

amount of VAT and negatively correlated with the SAT/VAT ratio

(Figure 5D). Thus, the amount of PUFA-TAGs in SAT seems to reflect vis-

ceral fat accumulation, which is more pronounced in FDR participants. On

the other hand, MUFA-PLs (phosphatidylcholine 35:3, phosphatidyletha-

nolamine [PE] 34:2, PE 36:2e) correlated negatively with adiposity (FM,

VAT, and SAT), independent of the SAT/VAT ratio (Figure 5D).

In the mRNA expression analysis, 95 genes involved in adipogen-

esis, lipogenesis, lipolysis, fatty acid, glucose and mitochondrial metab-

olism, angiogenesis, oxidative stress, inflammation, cell cycle,

senescence, and fibrosis were evaluated (Table S6). Significantly upre-

gulated genes in FDR were lysyl oxidase (LOX), secreted protein acidic

and rich in cysteine (SPARC), and CD36 (Figure 5E), and the trend to

increase was observed for cyclin D1 (CCND1; p = 0.06), with LOX

being the most important marker (q = 0.02).

To investigate the association of these markers with the phenotype

of the participants in terms of VAT accumulation and impaired IS, corre-

lations with these parameters were performed. Correlation with the

expression of analyzed genes in SAT was also carried out because this

could reflect association with dysfunction of AT. Interestingly, LOX and

CCND1 mRNA correlated with the amount of VAT, the SAT/VAT ratio,

and IS (Matsuda index, M-value; Figure 5F). LOX and CCND1 mRNA cor-

related strongly together (Figure 5G) and also with mRNA expression of

leptin, SPARC, FGF1, zinc finger matrin-type 3 (ZMAT3), and markers of

oxidative/cellular stress (NAD(P)H quinone dehydrogenase 1 [NQO1],

growth differentiation factor 15 [GDF15]; Figure 5H,I), and LOX mRNA

also correlated negatively to MUFA-PLs (Figure 5J). Noticeably, proin-

flammatory and fibrotic genes in SAT and secretion of proinflammatory

cytokines (IL-6, monocyte chemoattractant protein-1) correlated with

PUFA-TAGs levels (Figure 5K,L), whereas negative correlation of PUFA-

TAGs with metabolic genes was present (Figure 5K). The strongest corre-

lation of PUFA-TAGs was found for ZMAT3 and CCND1 (Figure 5K).

Together, these findings suggest the association of these lipid molecules

with dysfunctional inflamed SAT and possibly cell cycle deregulation.

In summary, lipidomic and mRNA expression analysis of SAT

revealed different content of PUFA-TAGs and MUFA-PLs in FDR par-

ticipants and two genes (LOX and CCND1), which were associated

with visceral adiposity and IR of the participants.

DISCUSSION

Several studies have suggested that SAT hypertrophy in FDR individ-

uals of patients with T2DM is based on a limited capacity for
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adipogenesis [10, 11]. However, the clear evidence that this dysfunc-

tion is one of the primary inherited features facilitating T2DM devel-

opment in FDR individuals and, as such, is present before the AT

accumulation, is still missing.

Reduced capacity for adipogenesis has been suggested in FDR

individuals due to the presence of hypertrophic AT [5, 10]. We did

not observe a significant increase in hypertrophic adipocytes in FDR

individuals; however, a certain shift in relative frequency in adipocyte

size was seen. The similarity in adipocyte profile with CON partici-

pants may be due to a rigorous selection of male individuals without

obesity based not only on BMI but also relative FM; for this reason,

we excluded male individuals with FM greater than 25% even though

the BMI was less than 30. Although the two groups of male individ-

uals did not differ in relative FM, FDR participants had higher amounts

of visceral fat. This higher deposition of ectopic fat in FDR individuals

is in agreement with previous studies [24, 25]. The amount of visceral

region is of special interest because of its known association with

metabolic disturbances such as IR and metabolic syndrome [26].

Indeed, our male FDR individuals also showed impaired glucose

homeostasis and IS. It is noteworthy that we do not see a difference

in glucose disposal in euglycemic clamp (reflecting comparable muscle

IS) in FDR and CON participants, although IS appears to be impaired

by OGTT-derived indices and fasting glucose levels, suggesting

hepatic IR. According to a study in mice fed a high-fat diet, hepatic IR

precedes skeletal muscle IR and AT IR [27]. Selective liver and muscle

IR phenotypes have also been described in humans with obesity [28].

Therefore, we can hypothesize that, whereas in a basal, nonstimulated

state, there are signs of IR in suppression of hepatic glucose output in

FDR individuals, muscle IS is probably maintained. The difference

between groups in OGTT-derived indices (Matsuda and Stumvoll) is

consistent with this hypothesis because lower insulinemia in 120-min

OGTT may have not sufficiently suppress hepatic glucose output,

whereas supraphysiological insulin levels in the clamp fully inhibited

endogenous glucose production. This again points to a possible

hepatic IR in FDR individuals. Based on the Adipo-IR index, AT IR is

not different between the groups.

In contrast to previous evidence, we found that the intrinsic adi-

pogenic potential of SAT cells does not appear to be impaired in male

FDR individuals. This finding does not support the original hypothesis

based on several studies that have shown increased hypertrophy of

AT in FDR individuals [5, 10, 11]. Our results also differ from recent

studies [16, 29] that have demonstrated a lower differentiation capac-

ity of APCs from FDR individuals without obesity compared with

healthy control individuals, as well as different APC transcriptome in
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these groups of individuals. A limitation of our study is that we mea-

sured the expression of only predefined probes designed to cover a

portion of the 97 genes of the entire APC transcriptome, which has

been instead analyzed in the previous studies. However, the partici-

pants in these studies had generally higher FM (27% ± 7%) than indi-

viduals in our study (FM 19% ± 4%). Because the degree of adiposity
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seems to play a very important role in adipogenic capacity [30], differ-

ence in FM of participants could play a role in the observed disparity.

In addition, the discrepancy may be due to the sex of the participants

or the composition of the differentiation medium (we used serum free

media in our experiments because FBS may interfere with adipogenic

conversion of cells) [31]. Taken together, we hypothesize that reduced

adipogenesis and adipocyte hypertrophy in FDR individuals are not

present as long as the lean phenotype is sustained but occurs with a

modest increase in FM and earlier than in the general popula-

tion [10, 11].

Additionally, the testing of metabolic functions of in vitro differenti-

ated adipocytes revealed no marked differences between the groups

except for Akt phosphorylation. Given that previous studies have shown

impaired AT metabolism in patients with diabetes, specifically lipolysis

and metabolic flexibility [32, 33], it seems likely that these disturbances

also occur later, during IS worsening, and are linked with obesity onset.

The only functional parameter that is different in the cells of FDR individ-

uals, Akt phosphorylation, suggests a slower insulin signaling pathway.

Because the antilipolytic effect of insulin is not affected by this altered

Akt signaling, the effect on other adipocyte functions is questionable and

should be verified in future studies.

Taken together, our in vitro data suggest that dysfunctional AT in

predisposed men is likely to develop in association with microenviron-

ment and external stimuli. Thus, to get more insight into SAT charac-

teristics and hyperplastic expandability in vivo, we focused on its

inflammatory, lipidomic, and mRNA expression profile. Within the lipi-

domic profile, we found a difference in PUFA-TAG and MUFA-PL con-

tent in SAT from FDR individuals. PUFA-TAGs are of great interest

because they have been identified in a recent AT lipidome study as being

fundamentally associated with the obesity phenotype [34]. In cancer cell

lines and hepatocytes, they have been shown to accumulate in response

to cell apoptosis downstream of p53 activation [35]. PUFA-TAGs likely

play a role in a compensatory mechanism protecting the membrane from

the lipoperoxidation and subsequent membrane damage. PUFA-TAG

levels also correlated in our cohort with secreted proinflammatory cyto-

kines and with ZMAT3 and CCDN1 mRNA levels in SAT, which would

support a link to adipose inflammatory/cellular stress. PUFA-TAG con-

tent was also strongly correlated with amount of VAT and the SAT/VAT

ratio, suggesting that accumulation of these lipids reflect the accumula-

tion of ectopic fat.

On the other hand, the levels of several MUFA-PLs that were

reduced in FDR individuals correlated negatively with adiposity, but

not with selective accumulation of visceral fat (SAT/VAT ratio). The

composition of these phospholipids could be related to changes in

membrane structure. The type of fatty acids in membranes has been

shown to affect both their fluidity and their structure, such as the

arrangement of microdomains, which, in turn, affects transport and

signaling [36]. The composition of phospholipids also affects the sus-

ceptibility to lipid peroxidation [37]. Thus, it seems likely that mem-

brane structure changes in FDR individuals as an adaptive mechanism

in association with increases in FM and/or cellular stress.

At the mRNA expression level, LOX came out as a gene that is signif-

icantly different between FDR and CON participants, even after correc-

tion for multiple testing. LOX is an enzyme responsible for collagen

cross-linking and thereby influences extracellular matrix stiffness and

fibrosis [38]. Therefore, this finding is in agreement with the results of a

previous study showing higher expression of profibrotic genes in FDR

individuals [5]. Enhanced LOX expression in SAT of individuals who are

metabolically unhealthy seems to be detrimental [39], and it decreases

with weight loss [40]. We did not test which cell type is responsible for

the increased LOX expression in FDR individuals. Nevertheless, we did

not see a difference in the LOX expression in adipocytes in vitro, and a

recent study showed that LOX expression is increased by proinflamma-

tory stimuli specifically in macrophages, which action mediates stiffness

of the microenvironment and affects adipocyte function [41]. Further-

more, LOX overexpression in murine vascular smooth muscle cells

enhanced oxidative stress and caused mitochondrial dysfunction [42].

Even in our study, LOX mRNA correlated strongly with ZMAT3, CCND1,

NOQ1, FGF1, and GDF15 in SAT, suggesting an association with cellular

and oxidative stress [43–45]. Importantly, these genes are associated

with the p53 pathway [43, 46], which responds to stress signals by regu-

lating DNA repair, cell cycle arrest, cell death, or senescence. ZMAT3 and

CCND1 were also shown to participate in senescent phenotype of adi-

pose cells and limit adipogenesis [16, 47, 48]. This, together with the

findings from lipidomics, led us to hypothesize that cellular stress associ-

ated with cell cycle deregulation may be a part of predisposition to

T2DM. An overexpression or downregulation of LOX, specifically in SAT

APC or macrophages, could provide direct evidence of the functional

association among LOX, AT expandability, and susceptibility to T2DM

development.

F I GU R E 5 Lipidomic and mRNA expression analysis of subcutaneous adipose tissue (SAT). (A) Orthogonal partial least square - discriminant
analysis of lipidome (control [CON] [n = 13]; first-degree relatives [FDR] [n = 14]). (B) Variable importance in projection (VIP) score of most differing
lipid molecules in FDR and CON participants (CON [n = 13]; FDR [n = 14]). (C) Volcano plot of lipidome (CON [n = 13]; FDR [n = 14]). (D)
Correlation heat map of 20 most differing lipid molecules (polyunsaturated fatty acids in triacylglycerols [PUFA-TAGs], phospholipids [PLs]) with
adiposity and insulin sensitivity (IS; color mapping: Pearson correlation coefficient; CON [n = 12–13]; FDR [n = 13–14]). (E) Volcano plot of mRNA
expression (p < 0.05 marked in red, Mann–Whitney U test; CON [n = 19]; FDR [n = 19]). (F) Correlation heat map of lysyl oxidase (LOX), cyclin D1
(CCND1), CD36, and secreted protein acidic and rich in cysteine (SPARC) genes with adiposity and IS parameters (color mapping: Pearson correlation
coefficient; CON [n = 18–19]; FDR [n = 16–19]). (G) Correlations of LOX and CCND1 mRNA (CON [n = 19]; FDR [n = 19]). (H) Correlations of
CCND1mRNA with gene expression in SAT (CON [n = 18–19]; FDR [n = 19]). (I) Correlations of LOX mRNA with gene expression in SAT (CON
[n = 18–19]; FDR [n = 19]). (J) Correlations of LOX mRNA with with PLs in SAT (CON [n = 13]; FDR [n = 14]). (K) Correlation heat map of PUFA-
TAGs with mRNA expression in SAT (color mapping: Pearson correlation coefficient; CON [n = 11–13]; FDR [n = 11–14]). (L) Correlation of PUFA-
TAGs with IL-6 and monocyte chemoattractant protein-1 (MCP-1) secretion from SAT explants (CON [n = 10]; FDR [n = 10]). Pearson correlation
coefficients are shown for all the correlations, *p < 0.05, **p < 0.01, ***p < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]
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Despite the comprehensiveness of this study, it has several limita-

tions. In order to achieve the greatest possible homogeneity of the

groups, we recruited only male individuals; therefore, we cannot

exclude the influence of sex on the observed parameters. Further-

more, we analyzed only SAT, whereas VAT amount in our study was

more so affected by family predisposition to T2DM than SAT. VAT

acquisition (surgery) in healthy participants in our study was not part

of the protocol because of ethical issues. Nevertheless, because adi-

pocyte size, SVF cell number, and gene expression are strongly corre-

lated in VAT and SAT [49, 50], it can be assumed that VAT

metabolism, morphology, and other characteristics are reflected

closely by SAT characteristics. Finally, our results are mostly associa-

tive; therefore, functional studies should be warranted in this issue.

Considering all of our observations, it can be summarized that

the intrinsic adipogenic capacity of APCs seems to be preserved in

relatives of patients with T2DM before FM accumulation. Impor-

tantly, PUFA-TAG levels and mRNA expression in SAT of predis-

posed male individuals may indicate an increased level of cellular

stress and cell cycle deregulation, which may point to AT dysfunc-

tion during the onset of obesity. Our study also revealed PUFA-

TAGs and LOX expression in SAT as markers of impaired IS and VAT

accumulation in male individuals without obesity. Thus, these mole-

cules may play a role in the pathophysiology and inheritance of

T2DM, and we propose them as important target for future research

in this area.O
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