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Abstract: The role of adipose mesenchymal stem cells (Ad-MSCs) in metabolic syndrome remains
unclear. We aimed to assess the expression of selected microRNAs in Ad-MSCs of non-diabetic
adults in relation to Ad-MSC secretion of protein regulators and basic metabolic parameters. Ten
obese, eight overweight, and five normal weight subjects were enrolled: 19 females and 4 males;
aged 43.0 £ 8.9 years. Ad-MSCs were harvested from abdominal subcutaneous fat. Ad-MSC cellular
expressions of four microRNAs (2~2Ct values) and concentrations of IL-6, IL-10, VEGF, and IGF-1 in
the Ad-MSC-conditioned medium were assessed. The expressions of miR-21, miR-122, or miR-192 did
not correlate with clinical parameters (age, sex, BMI, visceral fat, HOMA-IR, fasting glycemia, HbAlc,
serum lipids, CRP, and eGFR). Conversely, the expression of miR-155 was lowest in obese subjects
(3.69 & 2.67 x 1073 vs. 7.07 & 4.42 x 103 in overweight and 10.25 & 7.05 x 1073 in normal weight
ones, p = 0.04). The expression of miR-155 correlated inversely with BMI (sex-adjusted r = —0.64;
p < 0.01), visceral adiposity (r = —0.49; p = 0.03), and serum CRP (r = —0.63; p < 0.01), whereas it
correlated positively with serum HDL cholesterol (r = 0.51; p = 0.02). Moreover, miR-155 synthesis
was associated marginally negatively with Ad-MSC secretion of IGF-1 (r = —0.42; p = 0.05), and
positively with that of IL-10 (r = 0.40; p = 0.06). Ad-MSC expression of miR-155 appears blunted
in visceral obesity, which correlates with Ad-MSC IGF-1 hypersecretion and IL-10 hyposecretion,
systemic microinflammation, and HDL dyslipidemia. Ad-MSC studies in metabolic syndrome should
focus on miR-155.

Keywords: stem cells; mesenchymal stem cells; mesenchymal stromal cells; adipose tissue; obesity;
metabolic syndrome; obesity; microRNA; cholesterol; IL-10; miR-155; IGF-1
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1. Introduction

Adipose tissue is a rich source of mesenchymal stromal/stem cells (Ad-MSCs), which
exhibit multipotent differentiation potential. In vitro, they are capable of differentiating
into cells of not only the mesodermal but also the endodermal and ectodermal lineages. The
direction of differentiation is dependent on environmental conditions. Mesenchymal stem
cells do not express HLA class II antigens [1], which renders them suitable for allogeneic
transplantations. When exogenous mesenchymal stem cells are administered in large
quantities, they exhibit tropism to inflamed or necrotic tissues, exerting anti-apoptotic,
oxidative stress-reducing, anti-fibrotic, and anti-inflammatory effects [2,3]. This is achieved
through the secretion of growth factors, anti-apoptotic factors, cytokines, and microRNAs,
either in the free state or within extracellular vesicles. Furthermore, the secretome of Ad-
MSCs has been demonstrated to exert immunosuppressive effects. These effects include
increases in the pool and activity of regulatory T cells; inhibition of NK cells, Th17, and
B lymphocytes; activation of tolerogenic dendritic cells; and induction of Th1—Th2 and
M1—M2 conversions [4].

In situ, Ad-MSCs are unipotent and constitute a potential source of preadipocytes.
However, their role as local regulators is being increasingly discovered [5]. It has been
found that Ad-MSCs display two opposite phenotypes with regard to cell-to-cell and se-
cretory effects: a pro- or anti-inflammatory one, depending on the stimulating factors [6].
In the course of obesity and type 2 diabetes, Ad-MSCs exhibit pro-inflammatory charac-
teristics, with increased expression of NLRP3 inflammasome elements [7], secretion of
monocyte chemoattractant protein-1, IL-6, and IL-8 [7,8], and activation of macrophages
and Th17 lymphocytes [9], which collectively lead to microinflammation of adipose tis-
sue. In addition, several studies have demonstrated a reduction in the proliferative and
differentiation potential of Ad-MSCs or preadipocytes in diabetic subjects compared to
non-diabetic individuals. This was associated with subsequent fat hypertrophy, which
prevails in obesity over healthier hyperplasia [10,11]. Furthermore, recent studies have
shown that the secretome of Ad-MSCs from obese subjects becomes enriched in adipokines
such as leptin [12].

Among the Ad-MSC-secreted compounds that can be involved in the development or
complications of metabolic syndrome is vascular endothelial growth factor (VEGF) [13]. It
was revealed in animal models that induced fat tissue overexpression of VEGF increases
local vasculature and promotes adipocyte beiging. Conversely, inhibition of the VEGF
receptor in adipocytes aggravates insulin resistance in rats exposed to a high-fat diet [14,15].
Another growth factor of interest secreted by Ad-MSCs is insulin-like growth factor 1
(IGF-1) [13]. IGF-1 stimulates preadipocyte differentiation, and although mature adipocytes
do not preserve IGF-1 receptor expression, they can secrete it [16]. IGF-1 exerts a protective
effect against insulin resistance, likely through the inhibition of growth hormone secretion
and its insulin-antagonizing effects in the liver and adipose tissue (higher gluconeogenesis
and free fatty acid release into blood, respectively) [16]. Consequently, decreased circulating
levels of IGF-1 are independently predictive of and present in metabolic syndrome [17,18].

Amongst cytokines, both the major pro-inflammatory interleukin 6 (IL-6) and anti-
inflammatory interleukin-10 (IL-10) were reported to be secreted by Ad-MSCs [13]. Theo-
retically, IL-6 may propagate the adipose tissue microinflammation that typically occurs
in obesity. Indeed, circulating IL-6 levels and IL-6 expression in white adipose tissue are
increased in the course of obesity. A significant portion of the production site is adipocytes,
yet the impact of IL-6 is variable. In adipose tissue, IL-6 stimulates pro-inflammatory
signals in T cells, whereas if bound classically to IL-6 receptors in macrophages, it exerts
mainly anti-inflammatory actions with M2 polarization [19,20]. Nevertheless, IL-6 can also
directly participate in the pathogenesis of the metabolic syndrome by enhancing lipolysis
in the visceral fat and thus contributing to liver steatosis [21]. The role of IL-10 in metabolic
syndrome may be associated with anti-inflammatory effects on the one hand, and with
direct modulation of key metabolic pathophysiology on the other. It was revealed that
IL-10 inhibits the thermogenesis of adipocytes and subsequently hinders the beiging of
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white adipocytes in mice [22]. Furthermore, it was demonstrated in mice that the source of
IL-10 with such an effect is regulatory T cells [23]. The more abundant Ad-MSCs have not
yet been studied for this function.

MicroRNAs are 21-23 base-pair double-strand particles of non-coding RNA that
bind to mRNAs and regulate their translation. They are relatively stable in the body
fluids [24], and their role as local and distant regulators of homeostasis is being extensively
studied. A growing number of studies have demonstrated changes in the concentrations of
circulating microRNAs in the course of obesity or metabolic syndrome [24]. Among these
microRNAs, miR-21 [25], miR-122 [26], miR-155 [27], and miR-192 [28] have been shown to
be associated with adipose tissue inflammation, insulin resistance, or liver steatosis. miR-21
has been identified as a protective particle, while the others have been demonstrated to
have largely detrimental effects. Although Ad-MSCs are known to secrete microRNAs,
the role of these microRNAs in obesity remains unclear. Should such a contribution
be revealed and the respective hypo- or hypersecreted microRNAs be identified, the
administration of respective mimics or antagonists could be conceived as a therapeutic
option in the future. It has been reported that relatively large amounts of miR-21 are present
in mesenchymal stem cells and within their exosomes [29,30]. Furthermore, miR-122 has
been found plentiful in the exosomes of bone marrow-derived mesenchymal stem cells
in a recent Canadian study [31]. Cytoplasmic miR-155 was identified as a key microRNA
inducer of the immunosuppressive effects of human bone marrow-derived mesenchymal
stem cells [32], while exosomal miR-192 derived from rat Ad-MSCs demonstrated the ability
to mitigate retinal inflammation and angiogenesis in rats with diabetic retinopathy [33].

In accordance with the aforementioned rationale, the objective of this study was to
assess whether the Ad-MSC expression of the four microRNAs (miR-21, miR-122, miR-155,
and miR-192) and secretion of the four protein regulators (VEGF, IGF-1, IL-6, and IL-10),
with potential involvement in the pathogenesis of metabolic syndrome, are associated
with body weight and basic metabolic parameters in a sample of non-diabetic adults.
Additionally, this study aimed to determine whether these microRNA expressions and
protein secretions are related to each other.

2. Results

The study group consisted of 19 female and 4 male adults, with a mean age of
43.0 £ 8.9 years (ranging from 28 to 63 years). There were 10 obese, 8 overweight, and
5 normal weight subjects. Six female obese subjects were prediabetic, according to fasting
serum glucose concentration of 100-125 mg/dL or HbAlc fraction of 5.7-6.4%.

2.1. Basic Clinical Parameters

Explicably, the specified body mass index groups exhibited differences in metabolic
syndrome features. The subjects with elevated BMI exhibited higher rates of high blood
pressure, hyperglycemia, and low HDL cholesterolemia. Additionally, their visceral fat
volume was greater, and their serum CRP concentration was higher (Table 1). Six obese
prediabetic females did not differ statistically significantly from four obese euglycemic
females with regard to any of the clinical parameters. The exception was a statistically
significant difference in HbAlc fraction, with the obese prediabetic females exhibiting a
mean value of 5.78 & 0.17% and the obese euglycemic females exhibiting a mean value of
5.42 £ 0.25% (p = 0.04).
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Table 1. Basic clinical parameters in the subjects divided into subgroups as per BMI (obese:

>30 kg/m?; overweight: 25-29.9 kg/m?; normal weight: <25 kg/m?).

All Subjects Obese Overweight Normal Weight
n=23 n=10 n=_§8 n=>5
Age [years] 43.0 + 8.9 44.0 £9.0 413 +10.7 438+ 6.6
se Ly’ (28-63) (31-60) (28-63) (39-54)
Sex [M/F] * 4/19 0/10 4/4 0/5
Arterial hypertension [%] * 5 (21.7%) 4 (40.0%) 1 (12.5%) 0
Body weight [kg] 84.0 = 19.3 99.6 + 17.4 76.7 £ 9.8 64.7 £2.9
ody weight [kg (59.9-126.0) (75.0-126.0) 12 (63.9-89.9) 2 (59.9-67.0)
303+75 36.9 + 6.8 27.0+£09 226414
21#
BMI [kg/m-] (21.4-47.6) (30.0-47.6) 12 (25.7-28.6) 2 (21.4-24.8)
Total fat ti ke # 31.9 + 14.0 432 +11.7 21.7 458 212436
otallat tissuemass [Xg (14.0-60.5) (27.0-60.5) 12 (14.0-34.6) (17.1-23.8)
Total fat tissue mass/body 36.0 £ 8.7 427 +£4.6 287+ 73 32.7 £ 3.7
weight [%] # (15.6-48.0) (36.0—48.0) 12 (15.6-40.9) (28.5-35.7)
8.7 +4.1 11.0 + 338 70+35 53+ 1.1
. . . #
Visceral fat indicator (3-17) (6-17) 12 (3-14) (4-6)
26425 39433 15+ 1.0 19+1.1
HOMA-IR (0.6-11.5) (0.6-11.4) (0.7-3.0) (0.7-3.5)
Fasting serum glucose 85.0 + 10.7 93.2 £ 8.7 772 £ 8.1 814 +5.6
[mg/dL]* (65.0-108.1) (81.8-108.1) 12 (65.0-88.3) (74.0-89.0)
54404 5.6+ 0.3 51403 53403
o/ 1#
HbAle [%] (4.8-6.1) (5.1-6.1) ! (4.8-5.4) (5.0-5.7)
Serum HDL cholesterol 632+ 119 56.7 + 9.5 63.1 +10.0 76.4 +9.1
[mg/dL] * (43.6-87.0) (43.6-68.8) 2 (53.0-79.0) 2 (65.0-87.0)
Serum LDL cholesterol 1135 £ 31.3 104.0 £ 32.2 123.1+19.1 117.0 + 44.7
[mg/dL] (42.2-176.0) (42.2-150.9) (94.0-149.0) (69.0-176.0)
Serum triglycerides [mg/dL] 111.2 =+ 60.0 130.8 £ 72,5 87.3 +236 1102 + 69.8
erum tiglycerdes lmg (38.0-252.5) (38.0-252.5) (55.0-122.0) (49.0-190.0)
eGFR (CKD-EPI) 82.6 +12.1 100.5 = 20.0 92.8+9.0 85.0 + 5.4
[mL/min/1.73 m?] (65.2-115.1) (72.5-144.3) (79.7-105.4) (80.0-92.9)
3.0+42 58452 1.0£09 07+05
#
Serum CRP [mg/L] (0.1-13.4) (0.6-13.4) 12 (0.1-2.4) (0.1-1.3)

Means + standard deviations (ranges); differences at p < 0.05 between the groups: * x? test; * Kruskal-Wallis
Analysis of Variance with Mann-Whitney U test as post hoc: ! p < 0.05 vs. overweight; 2 p < 0.05 vs. normal

weight.

2.2. Cytometric Ad-MSC Verification

The cytometric analysis demonstrated that the tested Ad-MSC samples exhibited
minimal expression of the CD45 antigen, whereas the mean expression of CD90 approached
98% and that of CD105 reached 96%. Conversely, the expression of the CD146 surface
marker was observed in less than 1/5 of the sample cells on average (Figure 1, Table 2). No
statistically significant differences were observed between the BMI or glucose metabolism
subgroups (Table 2), nor were any associations found with the studied miRNA expressions

or other parameters.
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Figure 1. Fractions of the analyzed cells positive for CD90, CD105, and CD146 mesenchymal stem cell
surface markers in four exemplary subjects (a-d) differing in BMI or glycemic status (flow cytometry).
Table 2. Fractions of cultured cells positive for the Ad-MSC surface CD antigens in the study
subgroups (obese: >30 kg/m?; overweight: 25-29.9 kg/m?; normal weight: <25 kg/m?; pre-
diabetic: serum fasting glucose 100-125 mg/dL or HbAlc 5.7-6.4%; euglycemic: serum fasting
glucose < 100 mg/dL and HbAlc < 5.7%).
Obese
All Subject: Ob (0] ight N 1 Weight
" : 2]3ec s n =els§ venrv;re;g orm:= 5e1g Prediabetic Euglycemic
n==6 n=4
CDY0 97.6 &+ 3.0% 98.3 + 3.0% 96.5 &+ 3.1% 97.4 + 2.8% 97.5 + 3.6% 99.6 + 0.7%
(91.0-100%) (91.0-100%) (92.2-100%) (94.5-100%) (91.0-100%) (98.5-100%)
CD105 95.7 + 4.0% 96.2 + 4.8% 96.7 + 1.3% 92.0 + 4.3% 95.6 + 5.8% 96.9 + 3.3%
(84.1-100%) (84.1-100%) (94.0-98.3%) (88.2-96.6%) (84.1-99.5%) (92.6-100%)
CD146 17.3 £ 9.4% 15.5 + 10.7% 26.0 + 3.5% 15.0 £ 2.3% 12.5 £ 3.7% 17.8 + 14.3%

(7.3-38.8%)

(7.3-38.8%)

(23.5-28.4%)

(13.4-16.6%)

(8.8-16.2%)

(7.3-38.8%)

Means =+ standard deviations (ranges); Kruskal-Wallis Analysis of Variance: p > 0.15 between the groups as per
BMI; Mann-Whitney U test: p > 0.3 between the groups of obese subjects as per glycemic status.

2.3. Expression of microRNAs

Among the four microRNAs studied, miR-21 exhibited the most abundant expression
in Ad-MSCs. The expression of miR-155 was approximately 1000 times lower, while those
of miR-122 and miR-192 were approximately 10,000 lower.

2.3.1. Expression of microRNAs across the Studied Subgroups

Only miR-155 demonstrated associations with the other analyzed parameters. Its
expression was lowest in the obese subjects, being approximately two times lower than in
the subjects who were overweight and three times lower than in the normal weight partici-



Int. J. Mol. Sci. 2024, 25, 6644

6 of 20

pants. There were no statistically significant differences between the obese prediabetic and
euglycemic subjects (Table 3, Figure 2).

Table 3. Ad-MSC expression of the four obesity-related microRNAs in the study subgroups.

Obese
All Subjects Obese Overweight Normal Weight ; ; ;
n=23 =10 n=8 n=5 Prediabetic Euglycemic
n==6 n=4

miR21 2.13 + 1.85 2.19 +2.35 1.55 + 0.72 2.92 +2.00 1.23 +£0.73 3.64 4 3.32

(0.29-7.59) (0.29-7.59) (0.41-2.49) (0.62-5.39) (0.29-2.18) (0.43-7.59)
miR-12y 018 £0.13 x 1073 0194014 x10%  0204+0.15x10"3 012+006x1073 0.194+0.17 x 1073 019 +0.09 x 1073
(0.01-0.42 x 1073) (0.01-0.42 x 1073) (0.01-0.37 x 1073)  (0.05-0.21 x 1073)  (0.01-0.42 x 1073)  (0.07-0.28 x 1073)
miR-155+ 029 £5.0 x 1073 3.69 +2.67 x 1073 707 £442 x107%  1025+7.05x10° 3.08+143 x 1073  4.61 +4.01 x 103
(1.11-20.12 x 1073)  (1.11-9.07 x 1073) 12 (3.04-15.4 x 1073)  (3.35-20.12 x 1073)  (1.35-4.98 x 107%)  (1.11-9.07 x 1073)
miR-192  0-63 £ 024 x 103 0.63+0.30 x 1073 0.60 £026 x 1073 0.65+0.06 x 103 059 +023 x 1073 0.71 + 042 x 103

(0.27-1.12 x 1073)

(0.29-1.12 x 1073) (0.27-0.96 x 1073)  (0.55-0.71 x 1073)  (0.29-0.86 x 1073)  (0.29-1.12 x 1073)

Means + standard deviations (ranges); microRNA expression calculated as 2t values, expression related to
SNORD®S61 control; * Kruskal-Wallis Analysis of Variance: p = 0.04 between the groups as per BMI; Mann-Whitney
U test: ! p = 0.06 vs. overweight; 2 p = 0.04 vs. normal weight; otherwise p > 0.1 between the groups.

0.026 :
¢ Mean
0.024 T~ MeanzSD
0022} % Raw.Data
Median
0.020 »
0.018 |
- -
Y 0018
o . .
g 0014t
Q
¢ 0012} —
= .
& 0010}
< »
0.008 | *
- [ X 2
0.006 |
L
0.004 | .
* [
0.002 | % N
0.000
Obese Overweight Normal weight

Figure 2. Ad-MSC expression of miR-155 (2~Ct values related to SNORDS61 control) in the obese,
overweight, and normal weight subjects (p = 0.04 between the groups, Kruskal-Wallis ANOVA;
Mann-Whitney U test as post hoc, overweight vs. normal weight: p = 0.51). SD—standard deviation.

2.3.2. Expression of microRNAs in Relation to Clinical Parameters

In addition, the expression of miR-155 was found to correlate not only with BMI,
but also inversely with total fat mass, visceral adiposity, and serum CRP. Additionally, a
marginal positive correlation was observed between serum HDL cholesterol and miR-155
expression. No notable correlations were identified between miR-155 expression and age,
serum fasting glucose, HbAlc, insulin resistance, serum LDL cholesterol, and triglyceride
concentrations, or estimated glomerular filtration (Table 4, Figure 3a—e). After adjustment
for sex, the outcomes remained similar, with the exception that the association between
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Ad-MSC miR-155 expression and serum HDL cholesterol became statistically significant

(Table 4).
50 70 T T
(a) = = . R;=-0.65 (b) R;=-0.49
* p<0.01 - o . p=0.02
44 . [=)]
St
42 — .
o 40 % ED
£ E e
E % 40
w
= ®
m =
E 30
i ™
°
2
000 000z 0004 0008 0008 001 -a.-m- 0014 0018 0018 0020 0022 B om ooz oo oow  oom .:,_.31.:,‘ 001Z | 0014 0016
Ad-MSC miR-155 Ad-MSC miR-155
( } 18 14 T
Cc . . " * L
18 Rs=-0.55 (d) 1 R;=-0.61
_ p=0.01 p <0.01
O - e N — ol *
— —
3 . ES)]
T E = .
o =
= o
[ ¥ s =
= 0 “
z S :
w Lk}
2 )
2 = _
0.000 0.002 0.004 0.005 0.008 0.010 0.012 0.014 0.015 -i{)I)IJ 0002 0004 0008 O0.0DE 0010 0.012 0014 0.018 0012 0.020 0.022
Ad-MSC miR-155 Ad-MSC miR-155
(e] 0

a5
80
75
70
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sl

il

50

serum HDL cholesterol [mag/dL

45 -

40
0000 0002 0004 0005 0O0DB 0010 0012 0014 0015 0018 0020 0022

Ad-MSC miR-155

Figure 3. Inverse correlations of Ad-MSC expression of miR-155 and (a) body mass index, (b) total
fat tissue mass, (c) visceral fat indicator, and (d) serum CRP concentration; (e) a direct correlation
of Ad-MSC expression of miR-155 and serum HDL cholesterol concentration (scatterplots with
regression lines and their 95% confidence intervals (dotted lines); statistical characteristics according
to Spearman rank correlation analysis).
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Table 4. Coefficients of Spearman rank correlations (Rg) or sex-adjusted partial correlations (r) of the
studied Ad-MSC microRNA expressions with the clinical and metabolic parameters in the whole

study group.
Ad-MSC Expression of:

miR-21 miR-122 miR-155 miR-192
Ave Rg = —0.08 Rg = —0.16 Rg=—028 Rg = —0.14

& (r = —0.06) (r=—0.15) (r=-0.17) (r=—-0.13)
. Rg=—0.12 Rg =0.10 Rg = —0.49, p = 0.02 Rg = —0.18
Body weight (r=—0.16) (r=—0.01) (r=—0.56, p < 0.01) (r = —0.16))
BMI Rg = —0.21 Rg = 0.08 Rs = —0.65, p < 0.01 Rg = —0.19
(r=—0.16) (r=—0.01) (r=—0.64, p <0.01) (r = —0.20))
. Rg = —0.11 Rg = —0.10 Rg = —049, p = 0.02 Rg = —0.28
Total fat tissue mass (r=—0.11) (r = —0.04) (r=—0.52, p = 0.02) (r = —0.24))
Total fat tissue Rg = —0.15 Rg = —0.12 Rs=—-042,p=0.06 Rg = —0.22
mass/body weight (r=-0.10) (r=-0.16) (r=-0.52,p=0.02) (r=-0.35)
. L Rg = —0.09 Rg = —0.04 Rg = —0.55, p = 0.01 Rg = —0.36
Visceral fat indicator (r=—0.12) (r=—0.07) (r = —0.49, p = 0.03) (r=—027)
Rg=—0.18 Rg =0.19 Rg=—0.32 Rg = —0.20

HOMA-IR (r = —0.04) (r = 0.26) (r = —0.23) (r = —0.09)
Fasting serum glucose Rs = —0.08 Rs =016 R =—021 Rs =0.12

& & (r=0.04) (r=027) (r=—-0.18) (r=0.27)

Rg = —0.03 Rg =0.18 Rg=—0.12 Rg =0.05

HbAlc (r = 0.04) (r = 0.20) (r = —0.09) (r = 0.13)
Serum HDL Rg = —0.11 Rg = —0.21 Rg =0.39, p = 0.06 Rg = —0.11
cholesterol (r=-0.09) (r=—0.06) (r=051,p=0.02) (r=-0.10)
Serum LDL Rs =0.16 Rg = 0.02 R = 0.08 Rg = —0.01

cholesterol (r=0.30) (r=0.17) (r=10.09) (r=10.05)

. . Rg = 0.24 Rg = 0.34 Rg = —0.06 Rg =0.15

Serum triglycerides (r=0.29) (r = 0.35) (r=—0.02) (r=0.18)
! Rg = —0.31 Rg = —0.11 Rg=—0.22 Rg = —0.06

eGFR (CKD-EPD) (r=—023) (r=—0.12) (r=—022) (r = —0.15)
Rg=—023 Rg = —0.02 Rg = —0.61, p < 0.01 Rg = —0.11

Serum CRP (r = —0.29) (r=—0.14) (r=-0.63,p <0.01) (r=-0.07)

Spearman rank or partial correlations at p > 0.1 unless stated otherwise.

2.4. Secretion of Protein Regulators

With regard to the analyzed secretions of Ad-MSCs, the most abundant in terms
of the number of particles was that of IGF-1 (209.2 & 62.9 fmol/L, ranging from 117.6
to 317.6), followed by IL-6 (87.3 & 30.6 fmol/L, ranging from 14.3 to 166.7) and VEGF
(75.4 £ 23.4 fmol/L, ranging from 32.5 to 104.8). IL-10 exhibited a markedly lower output
(0.04 £ 0.02 fmol/L, ranging from 0.02 to 0.09).

2.4.1. Secretion of Protein Regulators across the Studied Subgroups

The secretion of the studied growth factors and interleukins by Ad-MSCs did not differ
statistically significantly between the designated groups. However, there was a small trend
of higher IGF-1 secretion in the obese subjects than in the normal weight ones (Table 5).

2.4.2. Secretion of Protein Regulators in Relation to Clinical Parameters

The results of this study indicate several statistically significant univariate correlations
between the secretions of the studied protein regulators and metabolic parameters. The
secretion of VEGF was inversely correlated with fasting glycemia, whereas that of IGF-1
was directly related to body weight, BMI, visceral adiposity, and serum CRP concentration.
In contrast, the production of IL-6 increased with age and reduced estimated glomerular
filtration. The secretion of IL-10 was not statistically significantly associated with any of
the studied parameters (Table 6). After adjusting for sex, the associations revealed were
further enriched with a negative relationship between Ad-MSC VEGF production and body
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fat tissue fraction, positive correlations between Ad-MSC secretion of IGF-1 and fasting
glycemia or total fat tissue mass (marginally), as well as a negative association between
IGF-1 release and serum HDL cholesterol at p = 0.08 (Table 6).

Table 5. Ad-MSC secretion of the four obesity-related protein regulators in the study subgroups.

Obese
All Subjects Obese Overweight Normal Weight Prediabeti Fuel 3
n=123 n=10 n=8 n=5 rediabetic uglycemic
n==6 n=4
VEGF 2.88 £ 0.89 2.55+0.90 3.06 £ 1.02 3.24+0.49 2.76 £ 0.61 222 +1.26
[ng/mL] (1.24-4.12) (1.24-3.93) (1.85-4.12) (2.75-4.07) (2.12-3.78) (1.24-3.93)
IGF-1* 1.60 £ 0.48 17540351 1.67 £ 0.60 1.18 +£0.28 1.72 £0.35 1.80 £ 0.41
[ng/mL] (0.90-2.43) (1.19-2.11) (0.90-2.43) (0.90-1.55) (1.20-2.11) (1.19-2.07)
IL-6 2.09 £0.73 1.96 £ 0.19 1.95 +0.99 2.60 £ 0.86 1.93 +0.23 1.99 £0.10
[ng/mL] (0.34-4.21) (1.52-2.15) (0.34-4.21) (1.92-3.66) (1.52-2.15) (1.89-2.11)
IL-10 1.63 £+ 0.64 1.56 £ 0.55 1.57 £ 0.58 1.86 £ 0.94 1.73 £ 0.65 1.32 £0.27
[pg/mL] (0.64-3.28) (0.88-2.52) (0.67-2.53) (0.64-3.28) (0.88-2.52) (1.05-1.66)

Means =+ standard deviations (ranges); * Kruskal-Wallis Analysis of Variance: p = 0.09 between the groups as per
BMI; Mann-Whitney U test: ! p = 0.02 vs. normal weight; otherwise p > 0.15 between the groups.

Table 6. Coefficients of Spearman rank correlations (Rg) or sex-adjusted partial correlations (r) of the
studied Ad-MSC protein secretions with the clinical and metabolic parameters in the whole study group.

Ad-MSC Secretion of:

VEGF IGF-1 IL-6 IL-10
Age Rs = —0.18 Rg = 0.15 Rs = 0.51, p = 0.01 Rg = —0.22
(r=—0.13) (r=0.18) (r=0.41,p = 0.06) (r=—0.24)
) Rg = —0.35 Rg =043, p = 0.04 Rs = —0.06 Rs = 0.01
Body weight (r=—0.36) (r=0.41,p = 0.06) (r=—0.14) (r =0.09)
BMI Rs = —0.29 Rg =0.48, p = 0.02 Rs = —0.06 Rs = —0.16
(r = —0.30) (r =046, p = 0.03) (r = —0.15) (r = —0.04)
Total fat tissue Rg = —0.38 Rg =0.07 Rg =0.07 Rg =0.12
mass (r=-0.37) (r=0.42,p=0.06) (r=-0.28) (r=0.17)
Total fat tissue Rg = —0.38 Rg = —0.02 Rg = —0.09 Rg =0.11
mass/body weight (r=-042,p=0.07) (r=0.34) (r=-0.31) (r=0/0.05)
Visceral fat Rg =—-0.30 Rg =0.50, p = 0.02 Rg=0.18 Rg =-0.19
indicator (r=-0.27) (r=0.55,p=0.01) (r=0.03) (r=-0.03)
i Rg = —0.24 R =0.18 Rg =0.11 Rg = 0.15
HOMA-IR (r = —0.26) (r = 0.26) (r= —0.08) (r = 0.13)
Fasting serum Rs =—-0.52,p=10.01 Rg =0.21 Rg =0.02 Rg =0.11
glucose (r=-045,p=0.04) (r=045,p=0.04) (r=-0.16) (r=0.13)
Rs = —0.25 Rg = 0.11 Rg =021 Rs = 0.09
HbAlc (r=—0.21) (r = 0.20) (r=0.11) (r = 0.01)
Serum HDL Rg = —0.06 Rg = —0.33 Rg = 0.23 Rg = 0.25
cholesterol (r=10.06) (r=-0.38,p =0.08) (r=0.33) (r=10.29)
Serum LDL Rg = —0.05 Rs =—0.35 Rs =0.19 Rg = —0.09
cholesterol (r=0.01) (r=-0.29) (r=0.33) (r=-0.22)
Serum Rg = —0.25 Rg =0.11 Rg = 0.02 Rg = 0.20
triglycerides (r=-0.25) (r=0.14) (r=-0.02) (r=0.05)
i Rg = —0.02 R =0.16 Rg=—055p<00l  Rg=—004
eGFR (CKD-EPT) (r = 0.06) (r=0.11) (r=—045p=003)  (r=—006)
Rgs = 0.06 Rg=0.43,p=0.04 Rs =0.08 Rg = —0.04
Serum CRP (r = 0.03) (r=0.61, p <0.01) (r=—017) (r = —0.28)

Spearman rank or partial correlations at p > 0.1 unless stated otherwise.
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2.5. Expression of microRNAs vs. Secretion of Protein Regulators

With regard to the relationships between the analyzed Ad-MSC microRNA expressions
and protein secretions, only miR-155 synthesis was found to be positively associated with
the secretion of IL-10 (Figure 4a), and marginally, inversely, with that of IGF-1 (Figure 4b).
After adjusting for sex, the former association exhibited a slight attenuation (r = 0.40,
p = 0.06), while the latter exhibited a slight improvement (r = —0.42, p = 0.05)
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Figure 4. Correlations of the Ad-MSC expression of miR-155 (272Ct values related to SNORD61
control) with Ad-MSC secretions of IL-10 (a) and IGF-1 (b) (Ad-MSC-conditioned medium concentra-
tions) (scatterplots with regression lines and their 95% confidence intervals (dotted lines); statistical
characteristics according to Spearman rank correlation analysis).

3. Discussion
3.1. Ad-MSC Antigenic Characteristic

Cytometric analysis of the Ad-MSC phenotype demonstrated the expected negativity
for the CD45 antigen and positivity for the CD90 and CD105 antigens. Additionally, only
a minority of the cells expressed the CD146 surface protein. This is consistent with the
findings of other studies, which have demonstrated that the proportion of mesenchymal
stem cells expressing CD146 varies depending on their origin and is relatively small in
adipose tissue [34-36]. In general, CD146-negative Ad-MSCs are located more distantly
from blood vessels and have diminished proliferative and differentiation potentials [37,38].
There were no associations between the percentage of CD146-positive cells and the studied
parameters, which suggests that this antigenic characteristic is not related to microRNA
expression and metabolic disturbances in non-diabetic subjects.

3.2. Decreased Ad-MSC Expression of miR-155 as a Hallmark/Source of Obesity and
Metabolic Microinflammation

The obtained results indicate that the Ad-MSC microRNA synthesis is altered in
the course of obesity with regard to miR-155. The expression of miR-155 is decreased in
parallel to visceral fat excess, elevated serum CRP, and decreased serum HDL cholesterol
concentrations. Furthermore, the outcomes suggest that Ad-MSC hypoexpression of miR-
155 is linked to decreased secretion of IL-10 and increased production of IGF-1 by these
cells. The latter appears to be associated with metabolic disturbances.

3.2.1. IL-10 as a Possible Anti-Inflammatory Effector of Ad-MSC miR-155

The authors of numerous works have demonstrated that miR-155 is a pro-inflammatory
regulator of cytokine expression in inflammatory cells [39,40]. Its synthesis is responsive to
various inflammatory stimuli. It increases the expression of pro-inflammatory interleukins,
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M1 polarization of macrophages, and Th17 commitment of CD4+ T cells [41-43]. In line
with these observations, the main anti-inflammatory cytokine, IL-10, has been shown to
suppress LPS-induced expression of miR-155 in inflammatory cells. B lymphocytes [44]
and macrophages [45] are two cell types in which IL-10 inhibits the maturation of miR-155
transcripts.

Our findings indicate a positive association between Ad-MSC IL-10 secretion and miR-
155 expression, which is contrary to previous observations. This suggests that there may be
an opposite relationship in these cells, whereby miR-155 enhances IL-10 synthesis in an au-
tocrine manner. Such an interaction has been demonstrated in regulatory IL-10-producing
B lymphocytes, in which miR-155 mimic increased, whilst miR-155 inhibitor reduced, IL-10
expression by respectively relieving or inducing histone methylation repression of IL-10
transcription [46]. It may be assumed that oversecretion of IL-10 by Ad-MSCs would be
beneficial by attenuation of the adipose tissue inflammation. As previously stated, the role
of IL-10 in adipose tissue remains unclear. Early studies have demonstrated increased fat
expression of IL-10 following weight loss with bariatric surgery [47] or low-calorie diets
in humans [48]. Subsequent studies demonstrated elevated IL-10 expression in adipose
tissue macrophages in obese subjects. However, in contrast to mice, IL-10 did not influence
thermogenesis in human adipocytes. It was postulated that overexpression of IL-10 was
a counter-regulatory response to inflammation of the adipose tissue [49]. Nevertheless, a
substantial paracrine function of Ad-MSC IL-10 is negated by its limited secretion from
the stromal vascular fraction in comparison to that from adipose tissue macrophages, as
demonstrated in the aforementioned study [49]. Furthermore, no correlations were ob-
served between Ad-MSC IL-10 secretion and the clinical parameters in our study, and a
markedly lower production compared to the largely pro-inflammatory IL-6 also casts doubt
on the clinical significance of this source of IL-10.

3.2.2. Ad-MSC miR-155 as a Primer of Adipose Tissue Regulatory T Cells

Alternatively, Ad-MSC miR-155 may prevent obesity in a more direct way. Notably,
miR-155 has been found to be crucial for the development of regulatory T cells (Tregs).
Two independent studies on mice from 2009 demonstrated that the transcription factor
Foxp3 activates the expression of miR-155 in Tregs, which is essential for the proliferation
of these cells and the maintenance of their physiological subset size [50,51]. A recent
study by a Polish group from Gdanisk demonstrated that human Ad-MSCs are capable of
priming the Tregs’ inhibition of other T cells” proliferation. This was achieved in two ways:
either by co-culturing the Ad-MSCs and Tregs or by exposing the Tregs to the Ad-MSC
supernatants. In the former case, a transfer of mitochondria was detected between the cells,
which correlated with a longer Foxp3 expression preservation in Tregs in vitro [52].

As is known from other studies, lower quantities of Tregs within the adipose tissue
are observed in obese subjects and correlate with insulin resistance [53]. Consequently, our
findings indicate that the reduced expression of miR-155 in Ad-MSCs and the subsequent
diminished transfer of this microRNA from Ad-MSCs to neighboring Tregs may disrupt
the function and/or number of Tregs. This, in turn, may lead to the development of obesity
and metabolic syndrome. To substantiate this hypothesis, further studies are required to
assess the transfer of miR-155 between Ad-MSCs and Tregs derived from obese versus
lean subjects.

3.2.3. Ad-MSC miR-155 as an Autocrine Inhibitor of Adipogenesis

It has been demonstrated that one of the major pro-inflammatory cytokines, TNF«,
increases miR-155 expression in white preadipocytes and adipocytes through the NF«xB
pathway [54,55]. It is noteworthy that this overexpression of miR-155 was found to inhibit
the expression of several genes involved in adipogenesis and lipogenesis in fat cells,
including fatty acid synthase, acetyl coenzyme A carboxylase, sterol responsive element
binding protein 1c, and stearoyl coenzyme A desaturase. Consequently, preadipocyte
differentiation was inhibited [54,55], and adipocytes exhibited features of dedifferentiation,
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with reduced volumes of lipid droplets [55]. This is corroborated by the findings of another
group, which revealed that miR-155 expression in subcutaneous adipose tissue correlates
inversely with mean adipocyte volume [56]. With reference to our findings, it may be
deduced that miR-155 overexpression in Ad-MSCs inhibits their differentiation into fat
lineage cells and thus prevents adipose tissue expansion and fat accumulation in response
to inflammatory stimuli.

In addition to the aforementioned findings, Karkeni et al. observed an elevated overall
miR-155 expression in adipose tissue from obese subjects compared to lean ones [55].
However, this does not necessarily contradict our results, as an increased synthesis of
miR-155 may occur in macrophages infiltrating adipose tissue during the course of obesity,
as previously discussed. Furthermore, other groups have obtained contradictory results
pertaining to obesity complicated by metabolic syndrome. In obese subjects with type
2 diabetes, the subcutaneous fat expression of miR-155 was found to be lower than in
normoglycemic obese counterparts [56]. In another study, circulating levels of miR-155
were found to be lower in obese subjects with metabolic syndrome, compared to healthy
obese subjects, and correlated negatively with circulating adipogenic transcription factor
mRNA [57].

3.2.4. Ad-MSC miR-155 as an Inhibitor of IGF-1

Another potential mechanism by which Ad-MSC miR-155 may protect against visceral
obesity is through the autocrine inhibition of IGF-1 release with subsequent prevention of
its detrimental effects on the metabolism. It is likely that this action of Ad-MSC-derived
IGF-1 is local, with no relation to the opposite findings regarding circulating IGF-1 [16-18].
IGF-1 is known to participate in adipogenesis; in rats, it was demonstrated to enhance the
differentiation of mesenteric stromal vascular cells into mesenteric visceral adipocytes in a
synergistic manner with insulin [58]. Scavo et al. demonstrated that IGF-1 enhances the
proliferation and maturation of human mesenchymal stem cells into adipocytes, as well as
lipid accumulation throughout the process [59]. The correlations of Ad-MSC-secreted IGF-1
with visceral obesity, higher fasting glycemia, systemic microinflammation, and, to a lesser
extent, lower serum HDL cholesterol in our subjects appear to support the obesogenic
influence of this cytokine in adipose tissue and the benefits of reducing its secretion by
miR-155. A mechanism of downregulating IGF-1 expression by miR-155 was recently
demonstrated by Shen et al. in murine colonic myocytes, where it was shown that miR-155
binds and suppresses the translation of IGF-1 mRNA [60].

3.3. Significance of Ad-MSC IL-6 and VEGF

The results of this study indicate that Ad-MSC secretion of the major pro-inflammatory
interleukin (IL-6) increases with older age and the onset of kidney function impairment.
However, the interpretation of this finding is challenging due to the interdependence of the
two latter variables. Nevertheless, an additional adjustment for age did not eliminate the
partial correlation between Ad-MSC secretion of IL-6 and eGFR (r = —0.41, p = 0.03). This
suggests that kidney disease does affect the secretome of Ad-MSCs. In support of this, it is
known that uremic toxins, such as intestinal bacterial products, may induce inflammation
of adipose tissue. Indoxyl sulfate has been demonstrated to increase oxidative stress and the
expression of monocyte chemoattractant protein-1 in murine adipocytes [61]. Furthermore,
p-cresol and indoxyl sulfate have been shown to alter the protein secretome and impair
the osteogenic differentiation potential of human bone marrow-derived mesenchymal
stem cells [62,63]. It is questioned if Ad-MSC IL-6 hypersecretion due to renal dysfunction
would contribute solely to adipose tissue inflammation or to malnutrition—-inflammation—
atherosclerosis syndrome.

The outcomes of this study also indicate a reduction in VEGF release from Ad-MSCs
at the onset of glycemic disturbances. In light of the weaker associations between Ad-
MSC VEGF secretion and obesity markers compared to that with fasting glycemia, it
can be inferred that the slightly hyperglycemic milieu impairs VEGF secretion, rather
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than the reverse. Other studies have reported decreased Ad-MSC secretion of VEGF in
diabetic patients [64], which may contribute to diminished vascularization of adipose
tissue [65]. The results of this study suggest that this process may already be initiated at
the prediabetic stage.

3.4. Study Limitations

It is important to note that the cross-sectional nature of our study precludes a firm
judgment on the causality or direction of the relationships between the Ad-MSC miR-155
and the obesity-related parameters. It cannot be excluded that the observed hypoexpression
of miR-155 in Ad-MSCs in obese, inflamed, or dyslipidemic milieus is not a contributor to
these metabolic disturbances, but rather an aftermath of them. Alternatively, it may be that
miR-155 hypoexpression is a counteraction that develops in response to these disturbances.
It may also be that both of these scenarios are true and coexist.

In a study by Alicka et al. [64], the secretome of Ad-MSCs derived from six obese type
2 diabetic patients was found to differ from that of six normal weight non-diabetic controls.
Along with reduced viability and proliferative potential, Ad-MSCs from obese diabetic
individuals differed in the secretion of six studied microRNAs (different from ours), secreted
less VEGF and CXCL12 (stromal cell-derived factor-1), but more leptin. Nevertheless, the
study was limited in size and, as a cross-sectional study, was unable to conclude causality.
Furthermore, it appears that the diabetic environment, with its accompanying oxidative
stress, is the primary factor affecting Ad-MSCs. This is consistent with our intention
of not including diabetic subjects, as the majority of studies have demonstrated a less
favorable phenotype of stem cells cultured in a high-glucose environment compared to
control cells [66]. In the context of high-glucose conditions, mesenchymal stem cells
demonstrated reduced potency for proliferation and differentiation (with the exception of
adipogenicity) [67], inferior regenerative effects, and altered growth factor and microRNA
secretomes [68,69]. Finally, studies employing the most optimal approach to examine
the direction and causality of the relationships between metabolic disturbances and Ad-
MSC secretome are still lacking. These would involve longitudinal assessment of Ad-MSC
secretions in experimental animals prior to and after the induction of pre- and overt diabetes
or hyperlipidemia.

It is also important to acknowledge that our methodology for assessing microRNAs
in Ad-MSCs, and not in their conditioned media or extracellular vesicles, means that our
results cannot be fully translated to studies of the microRNA secretome. However, our
approach allows the inclusion of microRNAs that may be transferred to neighboring cells
within cytoplasmic fragments or organelles, as demonstrated by Piekarska et al. in the
aforementioned study of Ad-MSC and Treg interactions [52].

It is regrettable that the isolation of Ad-MSCs was not optimal, as it relied on the
specific culture conditions and did not include an immunoselection of the cells. This was
due to the unavailability of relevant sorting machinery. Nevertheless, despite this drawback,
the cytometric verification of the Ad-MSC phenotype proved that our cell cultures consisted
almost solely of Ad-MSCs, as presented and discussed above.

A notable limitation of this study is the relatively small number of subjects studied
(although within the range of most stem cell research). While the intention was to include
at least 50 subjects, this was impeded by difficulties with subject recruitment and logistical
problems due to the outbreak of the COVID-19 pandemic. Nevertheless, the outcomes
obtained in a sample of 23 cases are deemed sulfficient to encourage further studies on the
involvement of Ad-MSC microRNAs in metabolic syndrome, with a particular focus on the
role of miR-155. In future studies, it would be of significant interest to ascertain whether
the microRNA and protein secretome profiles of Ad-MSCs translate into the respective
circulating blood levels. A larger sample size will enable the differentiation of the effects
of obesity from those of its complications, as well as the elimination of potential biases
associated with pharmacological treatments.
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Furthermore, it is important to acknowledge the skewed sex distribution of our
study group. This was due to a much lesser interest in study participation from the
approached men. However, four male subjects, all of whom were overweight, did not
differ statistically significantly from the four female overweight counterparts in any of the
studied parameters. The sole exception was a higher fraction of fat tissue in relation to body
weight in the female subjects (33.8% vs. 23.6%, p = 0.03). Notably, the two groups were
not statistically significantly heterogeneous with regard to visceral adiposity (6.0 = 1.4
vs. 8.0 £ 4.9, respectively, p = 0.88), nor the analyzed Ad-MSC microRNAs and secreted
proteins (p values ranging from 0.3 to 0.9). Furthermore, to mitigate the risk of a statistical
bias resulting from the female predominance of the study group, an adjustment for sex was
made in the studied relationships using a partial correlation test, as outlined below. The
outcomes were not substantially different from those of the univariate Spearman correlation
analyses, with a notable exception of those involving serum HDL cholesterol and Ad-MSC
secretion of IGF-1. The former is understandable in view of the generally higher serum
HDL cholesterol concentration in women, which is reflected in the different diagnostic
criteria of HDL dyslipidemia depending on sex [70]. The latter observation may be linked
to the reported slight differences in the circulating levels of IGF-1 between the sexes [71].

4. Materials and Methods
4.1. Study Participants and Assessment of Basic Clinical Parameters

Adult non-diabetic subjects were enrolled in this study. The participants were recruited
from among patients of general practices and healthy volunteers. To be eligible for this
study, participants were required to meet the following criteria: (1) they could not be
affected with an overt inflammatory, cancerous, or endocrine disease; (2) they could not
have stage G3-G5 chronic kidney disease; and (3) they could not have been treated with
glucose- or lipid-lowering drugs.

All subjects underwent measurement of their basic glucose and lipid metabolism
parameters, as well as serum creatinine and C-reactive protein (CRP) concentrations, in
fasting venous blood samples at a commercial laboratory. The glomerular filtration rate
was estimated with the CKD-EPI formula. The total fat mass percentage and visceral fat
indicator, as an estimate of visceral fat volume, were assessed using a bioimpedance device
(Tanita BC-418, Tanita Corporation, Tokyo, Japan).

4.2. Ad-MSC Culture

Within one week of the blood collection, the study subjects underwent the suction
of a 5-10 mL sample of abdominal subcutaneous adipose tissue for the sole purpose of
this research. The adipose tissue samples were rinsed several times with an antibiotic
solution and then fragmented using a scalpel. The shredded tissue was placed in a Falcon
tube containing 0.1% collagenase type I in Dulbecco’s Phosphate-Buffered Saline (dPBS)
solution containing 1% bovine serum albumin. Fat tissue digestion was carried out in
a shaker at 200 RPM at 37 °C for 1-2 h until a homogeneous suspension was obtained.
Subsequently, collagenase activity was inhibited by the addition of a 10% fetal bovine serum
solution in phosphate-buffered saline. The solution was then centrifuged at 1200 RPM
for 5 min at room temperature to separate the phases, and the upper and middle layers
were discarded. The remaining stromal vascular cell pellet, which comprises Ad-MSCs,
preadipocytes, erythrocytes, and undigested collagen fibers, was suspended in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1% antibiotic
solution (penicillin, streptomycin, and amphotericin B), and transferred to a culture dish.
The culture was performed under standard conditions: the temperature was maintained at
37 °C, the humidity was 95%, and the atmosphere was saturated with 5% CO;.

The cells that adhered to the culture dish constituted the Ad-MSC population. The
medium was changed, and microscopic observations were carried out every two days.
Prior to changing the culture medium, the dish was rinsed several times with dPBS solution
to remove non-adherent cells (mainly erythrocytes) and remnants of undigested tissue,
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such as collagen fibers. Cells from the first passage were stored in liquid nitrogen for
further research. Following the collection of all samples, the cells were thawed and the cell
culture was continued under standard conditions, as described above. The cell culture of
the fourth passage was used for the experiment. The medium was renewed for the last
time 72 h prior to the isolation of RNA from the cell pellet and collection of conditioned
medium for the study of protein secretions.

4.3. Assessment of microRNA Expression in Ad-MSCs

The extraction of total cellular RNA, including microRNAs, was performed using the
miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
The expressions of the 5p strands of miR-21, miR-122, miR-155, and miR-192 were assessed
with reverse transcription quantitative polymerase chain reaction (RT-qPCR), with the use
of the SNORD®61 as a reference control. The cDNA was synthesized using the miScript II RT
Kit (Qiagen, Valencia, CA, USA). The miScript SYBR Green PCR Kit and miScript Primer
Assays were employed for the qPCR reaction: Hs_miR-21_2; Hs_miR-122a_1; Hs_miR-
155_2; Hs_miR-192_1; and Hs-SNORD61_11 (Qiagen, Valencia, CA, USA). The reaction was
conducted using the Light Cycler 480 System (Roche Life Science, Basel, Switzerland). Each
test in this study was performed in duplicate. The expression level was defined based on
the threshold cycle, and the relative expression of genes was analyzed by the 2~ relative
quantification method after normalization with the reference control.

4.4. Assessment of Ad-MSC Secretion of Protein Regulators

The Ad-MSC-conditioned medium was collected using sterile 0.22 um syringe filters
(Millex GV 13 mm, Merck Life Science, Darmstadt, Germany), centrifuged, and used for
the assessment of the studied protein regulators. The concentrations of VEGF and IGF-1
(R&D Systems Inc., Minneapolis, MN, USA), IL-10 (Diaclone SAS, Besancon, France), as
well as IL-6 (ThermoFisher Scientific, Waltham, MA, USA) were quantified in the media
samples using dedicated ELISA kits, in accordance with the manufacturers’ instructions.

4.5. Cytometric Ad-MSC Verification

The mesenchymal stem cell phenotype was verified by examining the specific surface
marker pattern in the last passage cell samples using a dedicated flow cytometry reagent
(Human Mesenchymal Stem Cell Multi-Color Flow Kit, R&D Systems, Minneapolis, MN,
USA). The kit contained four antibodies in total, including the three positive ones for
Ad-MSCs, CD90, CD105, and CD146, and a negative one, CD45, as well as appropriate
isotype controls for the antibodies used. These markers have been found to be discerning
of mesenchymal stem cells, in addition to plastic adherence of the cells. However, the
positivity of the cells regarding CD146 is not ubiquitous, as previously discussed [34-36].
Cells for cytometric analysis were prepared according to the manufacturer’s protocol and
analyzed using the FACSCanto II flow cytometer (Becton Dickinson Biosciences, Franklin
Lakes, NJ, USA).

4.6. Statistical Analysis

Statistical analyses were conducted with Statistica 14.0, TIBCO Software Inc. The x?
test was applied to compare the distributions of sex and hypertension between the studied
subgroups. Due to relatively small data samples, Kruskal-Wallis Analysis of Variance with
the Mann—-Whitney U test as the post hoc test was employed for the comparisons of the
three groups differing in BMI, and the Mann-Whitney U test was used for the comparisons
of the variables between the prediabetic and euglycemic subjects. The relationships between
the continuous variables were assessed with the Spearman rank correlation analysis. In the
context of a limited number of cases, this test appeared to be suitable, as it did not require
the data to be normally distributed or linearly related. The value of the obtained Spearman
correlation coefficient reflected the strength of the dependence between the variables under
analysis, and its sign indicated the direction of the association. Furthermore, the relation-
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ships between the variables were assessed with adjustment for the possible confounding
effect of sex, given the imbalance in the sex ratio of the study group. This was accomplished
through the utilization of the partial correlation test with the prior transformation of the
non-normally distributed variables to meet the requisite of normal distribution (p > 0.1 in
the Lilliefors test). The natural logarithm transformation was applied to age, HOMA-IR,
serum triglyceride and CRP concentrations, eGFR, and Ad-MSC expression of miR-21,
miR-122, and miR-155. Conversely, square root transformation was employed for the
Ad-MSC secretions of IGF-1 and IL-6. For all statistical analyses, a significance level of
p < 0.05 was considered to indicate statistical significance, while a significance level of
p = 0.05-0.07 was considered to indicate a marginal statistical significance.

5. Conclusions

In conclusion, the expression of miR-155 in adipose tissue-derived mesenchymal stem
cells appears to be blunted in the context of visceral obesity. This hypoexpression of miR-
155 is correlated with Ad-MSC IGF-1 hypersecretion and IL-10 hyposecretion, systemic
microinflammation, and serum HDL hypocholesterolemia. Independently of the Ad-MSC
expression of microRNAs under investigation, a reduction in the production of VEGF by
Ad-MSCs appears to be linked to the development of prediabetes, while an increase in the
secretion of IL-6 has been associated with the early stages of renal function impairment.

These findings highlight the need for further studies of the Ad-MSC secretome in the
pathogenesis of metabolic syndrome, with a particular focus on miR-155, major growth
factors, and interleukins. It would be beneficial to include research on the influence of the
recently introduced hypoglycemic medication with body weight-reducing effects. Experi-
mental studies using a miR-155 mimic should verify its causative role in the prevention of
obesity and its complications.

Given their biological stability, microRNA mimics or antagonists may become a
therapeutic option in the treatment of obesity and metabolic syndrome in the future.

Author Contributions: Conceptualization, G.W., K.S.-L. and A.W.; methodology and formal analysis,
KS-L,ES,AS-S,BS, LS, 5.G.-K, N.S.-G.,, WT. and C.K.-R.; subject recruitment, GW., AW, A.G.
and M.W.; statistical analysis, G.W.; investigation, G.W., A.W., EW. and K.G.; writing—original draft
preparation, G.W.; writing—review and editing, K.S.-L., A.S.-S., B.S., T.E. and ].G.; supervision, G.W.,
T.E and J.G; funding acquisition, G.W. and A.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Medical University of Silesia, grant numbers KNW-1-
178/N/7/K, KNW-1-008/K/8/K, KNW-1-146 /K/9/K, PCN-1-193/K/2/0, and PCN-1-215/K/2/1,
as well as from the corresponding author’s own resources.

Institutional Review Board Statement: The study protocol was approved by the Medical University of
Silesia Bioethical Committee (decisions no. KNR/0022/KB1/82/11/15/16 and KNW /0022 /KB1/40/1/17).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The data presented in this study are available upon request from
the corresponding author. The data are not publicly available to protect the confidentiality of the
participating subjects.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Le Blanc, K.; Tammik, C.; Rosendahl, K.; Zetterberg, E.; Ringdén, O. HLA Expression and Immunologic Properties of Differentiated
and Undifferentiated Mesenchymal Stem Cells. Exp. Hematol. 2003, 31, 890-896. [CrossRef] [PubMed]

2. Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal Stem Cells: Environmentally Responsive Therapeutics for Regenerative
Medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef] [PubMed]

3.  Sikora, B.; Skubis-Sikora, A.; Prusek, A.; Gola, J. Paracrine Activity of Adipose Derived Stem Cells on Limbal Epithelial Stem
Cells. Sci. Rep. 2021, 11, 19956. [CrossRef] [PubMed]


https://doi.org/10.1016/s0301-472x(03)00110-3
https://www.ncbi.nlm.nih.gov/pubmed/14550804
https://doi.org/10.1038/emm.2013.94
https://www.ncbi.nlm.nih.gov/pubmed/24232253
https://doi.org/10.1038/s41598-021-99435-1
https://www.ncbi.nlm.nih.gov/pubmed/34620960

Int. J. Mol. Sci. 2024, 25, 6644 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Luz-Crawford, P.; Kurte, M.; Bravo-Alegria, J.; Contreras, R.; Nova-Lamperti, E.; Tejedor, G.; Noél, D.; Jorgensen, C.; Figueroa, F;
Djouad, F,; et al. Mesenchymal Stem Cells Generate a CD4*CD25"Foxp3* Regulatory T Cell Population during the Differentiation
Process of Th1 and Th17 Cells. Stem Cell Res. Ther. 2013, 4, 65. [CrossRef] [PubMed]

Pestel, J.; Blangero, F,; Eljaafari, A. Pathogenic Role of Adipose Tissue-Derived Mesenchymal Stem Cells in Obesity and Obesity-
Related Inflammatory Diseases. Cells 2023, 12, 348. [CrossRef] [PubMed]

Waterman, R.S.; Tomchuck, S.L.; Henkle, S.L.; Betancourt, A.M. A New Mesenchymal Stem Cell (MSC) Paradigm: Polarization
into a pro-Inflammatory MSC1 or an Immunosuppressive MSC2 Phenotype. PLoS ONE 2010, 5, e10088. [CrossRef] [PubMed]
Serena, C.; Keiran, N.; Ceperuelo-Mallafre, V.; Ejarque, M.; Fradera, R.; Roche, K.; Nufiez-Roa, C.; Vendrell, J.; Fernandez-Veledo, S.
Obesity and Type 2 Diabetes Alters the Immune Properties of Human Adipose Derived Stem Cells. Stem Cells 2016, 34, 2559-2573.
[CrossRef] [PubMed]

Silva, K.R.; Liechocki, S.; Carneiro, J.R.; Claudio-da-Silva, C.; Maya-Monteiro, C.M.; Borojevic, R.; Baptista, L.S. Stromal-Vascular
Fraction Content and Adipose Stem Cell Behavior Are Altered in Morbid Obese and Post Bariatric Surgery Ex-Obese Women.
Stem Cell Res. Ther. 2015, 6, 72. [CrossRef] [PubMed]

Eljaafari, A.; Robert, M.; Chehimi, M.; Chanon, S.; Durand, C.; Vial, G.; Bendridi, N.; Madec, A.-M.; Disse, E.; Laville, M.; et al.
Adipose Tissue-Derived Stem Cells from Obese Subjects Contribute to Inflammation and Reduced Insulin Response in Adipocytes
Through Differential Regulation of the Th1/Th17 Balance and Monocyte Activation. Diabetes 2015, 64, 2477-2488. [CrossRef]
[PubMed]

Van Tienen, EH.].; van der Kallen, C.J.H.; Lindsey, P.J.; Wanders, R.J.; van Greevenbroek, M.M.; Smeets, H.].M. Preadipocytes of
Type 2 Diabetes Subjects Display an Intrinsic Gene Expression Profile of Decreased Differentiation Capacity. Int. . Obes. 2011, 35,
1154-1164. [CrossRef] [PubMed]

Stafeev, I.; Podkuychenko, N.; Michurina, S.; Sklyanik, I.; Panevina, A.; Shestakova, E.; Yah'yaev, K.; Fedenko, V.; Ratner,
E.; Vorotnikov, A.; et al. Low Proliferative Potential of Adipose-Derived Stromal Cells Associates with Hypertrophy and
Inflammation in Subcutaneous and Omental Adipose Tissue of Patients with Type 2 Diabetes Mellitus. |. Diabetes Complicat. 2019,
33, 148-159. [CrossRef] [PubMed]

Strong, A.L.; Strong, T.A.; Rhodes, L.V.; Semon, J.A.; Zhang, X.; Shi, Z.; Zhang, S.; Gimble, ].M.; Burow, M.E.; Bunnell, B.A. Obesity
Associated Alterations in the Biology of Adipose Stem Cells Mediate Enhanced Tumorigenesis by Estrogen Dependent Pathways.
Breast Cancer Res. 2013, 15, R102. [CrossRef] [PubMed]

Jin, M.; Xie, Y.; Li, Q.; Chen, X. Stem Cell-Based Cell Therapy for Glomerulonephritis. BioMed Res. Int. 2014, 2014, 124730.
[CrossRef] [PubMed]

Corvera, S.; Solivan-Rivera, J.; Yang Loureiro, Z. Angiogenesis in Adipose Tissue and Obesity. Angiogenesis 2022, 25, 439-453.
[CrossRef] [PubMed]

Sun, K.; Wernstedt Asterholm, I.; Kusminski, C.M.; Bueno, A.C.; Wang, Z.V.; Pollard, ].W.; Brekken, R.A.; Scherer, P.E. Dichotomous
Effects of VEGF-A on Adipose Tissue Dysfunction. Proc. Natl. Acad. Sci. USA 2012, 109, 5874-5879. [CrossRef] [PubMed]
Aguirre, G.A; De Ita, ].R,; de la Garza, R.G.; Castilla-Cortazar, I. Insulin-like Growth Factor-1 Deficiency and Metabolic Syndrome.
J. Transl. Med. 2016, 14, 3. [CrossRef] [PubMed]

Sandhu, M.S.; Heald, A .H.; Gibson, ].M.; Cruickshank, ].K.; Dunger, D.B.; Wareham, N.J. Circulating Concentrations of Insulin-like
Growth Factor-I and Development of Glucose Intolerance: A Prospective Observational Study. Lancet 2002, 359, 1740-1745.
[CrossRef] [PubMed]

Succurro, E.; Andreozzi, F.; Marini, M.A.; Lauro, R.; Hribal, M.L.; Perticone, F.; Sesti, G. Low Plasma Insulin-like Growth Factor-1
Levels Are Associated with Reduced Insulin Sensitivity and Increased Insulin Secretion in Nondiabetic Subjects. Nutr. Metab.
Cardiovasc. Dis. 2009, 19, 713-719. [CrossRef] [PubMed]

Mauer, J.; Chaurasia, B.; Goldau, J.; Vogt, M.C.; Ruud, J.; Nguyen, K.D.; Theurich, S.; Hausen, A.C.; Schmitz, J.; Bronneke, H.S.;
et al. Signaling by IL-6 Promotes Alternative Activation of Macrophages to Limit Endotoxemia and Obesity-Associated Resistance
to Insulin. Nat. Immunol. 2014, 15, 423-430. [CrossRef]

Wueest, S.; Konrad, D. The Controversial Role of IL-6 in Adipose Tissue on Obesity-Induced Dysregulation of Glucose Metabolism.
Am. ]. Physiol. Endocrinol. Metab. 2020, 319, E607-E613. [CrossRef] [PubMed]

Waueest, S.; Item, E.; Lucchini, EC.; Challa, T.D.; Miiller, W.; Blither, M.; Konrad, D. Mesenteric Fat Lipolysis Mediates Obesity-
Associated Hepatic Steatosis and Insulin Resistance. Diabetes 2016, 65, 140-148. [CrossRef] [PubMed]

Rajbhandari, P.; Thomas, B.].; Feng, A.-C.; Hong, C.; Wang, ].; Vergnes, L.; Sallam, T.; Wang, B.; Sandhu, J.; Seldin, M.M.; et al.
IL-10 Signaling Remodels Adipose Chromatin Architecture to Limit Thermogenesis and Energy Expenditure. Cell 2018, 172,
218-233.e17. [CrossRef] [PubMed]

Beppu, L.Y.;; Mooli, R.G.R.; Qu, X.; Marrero, G.J.; Finley, C.A.; Fooks, A.N.; Mullen, Z.P; Frias, A.B.; Sipula, L; Xie, B.; et al. Tregs
Facilitate Obesity and Insulin Resistance via a Blimp-1/IL-10 Axis. JCI Insight 2021, 6, 140644. [CrossRef] [PubMed]

Ji, C.; Guo, X. The Clinical Potential of Circulating microRNAs in Obesity. Nat. Rev. Endocrinol. 2019, 15, 731-743. [CrossRef]
[PubMed]

Ghorbani, S.; Mahdavi, R.; Alipoor, B.; Panahi, G.; Nasli Esfahani, E.; Razi, F; Taghikhani, M.; Meshkani, R. Decreased Serum
microRNA-21 Level Is Associated with Obesity in Healthy and Type 2 Diabetic Subjects. Arch. Physiol. Biocherm. 2018, 124, 300-305.
[CrossRef] [PubMed]


https://doi.org/10.1186/scrt216
https://www.ncbi.nlm.nih.gov/pubmed/23734780
https://doi.org/10.3390/cells12030348
https://www.ncbi.nlm.nih.gov/pubmed/36766689
https://doi.org/10.1371/journal.pone.0010088
https://www.ncbi.nlm.nih.gov/pubmed/20436665
https://doi.org/10.1002/stem.2429
https://www.ncbi.nlm.nih.gov/pubmed/27352919
https://doi.org/10.1186/s13287-015-0029-x
https://www.ncbi.nlm.nih.gov/pubmed/25884374
https://doi.org/10.2337/db15-0162
https://www.ncbi.nlm.nih.gov/pubmed/25765019
https://doi.org/10.1038/ijo.2010.275
https://www.ncbi.nlm.nih.gov/pubmed/21326205
https://doi.org/10.1016/j.jdiacomp.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30482492
https://doi.org/10.1186/bcr3569
https://www.ncbi.nlm.nih.gov/pubmed/24176089
https://doi.org/10.1155/2014/124730
https://www.ncbi.nlm.nih.gov/pubmed/25003105
https://doi.org/10.1007/s10456-022-09848-3
https://www.ncbi.nlm.nih.gov/pubmed/35857195
https://doi.org/10.1073/pnas.1200447109
https://www.ncbi.nlm.nih.gov/pubmed/22451920
https://doi.org/10.1186/s12967-015-0762-z
https://www.ncbi.nlm.nih.gov/pubmed/26733412
https://doi.org/10.1016/S0140-6736(02)08655-5
https://www.ncbi.nlm.nih.gov/pubmed/12049864
https://doi.org/10.1016/j.numecd.2008.12.011
https://www.ncbi.nlm.nih.gov/pubmed/19346116
https://doi.org/10.1038/ni.2865
https://doi.org/10.1152/ajpendo.00306.2020
https://www.ncbi.nlm.nih.gov/pubmed/32715746
https://doi.org/10.2337/db15-0941
https://www.ncbi.nlm.nih.gov/pubmed/26384383
https://doi.org/10.1016/j.cell.2017.11.019
https://www.ncbi.nlm.nih.gov/pubmed/29249357
https://doi.org/10.1172/jci.insight.140644
https://www.ncbi.nlm.nih.gov/pubmed/33351782
https://doi.org/10.1038/s41574-019-0260-0
https://www.ncbi.nlm.nih.gov/pubmed/31611648
https://doi.org/10.1080/13813455.2017.1396349
https://www.ncbi.nlm.nih.gov/pubmed/29113498

Int. J. Mol. Sci. 2024, 25, 6644 18 of 20

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Willeit, P; Skroblin, P.; Moschen, A.R;; Yin, X.; Kaudewitz, D.; Zampetaki, A.; Barwari, T.; Whitehead, M.; Ramirez, C.M.; Goedeke,
L.; et al. Circulating MicroRNA-122 Is Associated with the Risk of New-Onset Metabolic Syndrome and Type 2 Diabetes. Diabetes
2017, 66, 347-357. [CrossRef] [PubMed]

Ying, W.; Riopel, M.; Bandyopadhyay, G.; Dong, Y.; Birmingham, A.; Seo, ].B.; Ofrecio, ].M.; Wollam, J.; Hernandez-Carretero, A;
Fu, W,; et al. Adipose Tissue Macrophage-Derived Exosomal miRNAs Can Modulate In Vivo and In Vitro Insulin Sensitivity. Cell
2017, 171, 372-384.e12. [CrossRef] [PubMed]

Parrizas, M.; Brugnara, L.; Esteban, Y.; Gonzalez-Franquesa, A.; Canivell, S.; Murillo, S.; Gordillo-Bastidas, E.; Cussé, R.; Cadefau,
J.A.; Garcia-Roves, PM.; et al. Circulating miR-192 and miR-193b Are Markers of Prediabetes and Are Modulated by an Exercise
Intervention. J. Clin. Endocrinol. Metab. 2015, 100, E407-E415. [CrossRef]

Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, EJ.; Pérez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F.; Niessen, H-W.M.;
Baldini, N.; et al. Human Bone Marrow- and Adipose-Mesenchymal Stem Cells Secrete Exosomes Enriched in Distinctive miRNA
and tRNA Species. Stem Cell Res. Ther. 2015, 6, 127. [CrossRef] [PubMed]

Jothimani, G.; Pathak, S.; Dutta, S.; Duttaroy, A.K.; Banerjee, A. A Comprehensive Cancer-Associated MicroRNA Expression
Profiling and Proteomic Analysis of Human Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes. Tissue Eng. Regen. Med.
2022, 19, 1013-1031. [CrossRef] [PubMed]

Vaka, R.; Parent, S.; Risha, Y.; Khan, S.; Courtman, D.; Stewart, D.].; Davis, D.R. Extracellular Vesicle microRNA and Protein
Cargo Profiling in Three Clinical-Grade Stem Cell Products Reveals Key Functional Pathways. Mol. Ther. Nucleic Acids 2023, 32,
80-93. [CrossRef] [PubMed]

Pers, Y.-M.; Bony, C.; Duroux-Richard, I.; Bernard, L.; Maumus, M.; Assou, S.; Barry, F; Jorgensen, C.; Noél, D. miR-155
Contributes to the Immunoregulatory Function of Human Mesenchymal Stem Cells. Front. Immunol. 2021, 12, 624024. [CrossRef]
[PubMed]

Gu, C; Zhang, H.; Gao, Y. Adipose Mesenchymal Stem Cells-Secreted Extracellular Vesicles Containing microRNA-192 Delays
Diabetic Retinopathy by Targeting ITGA1. |. Cell. Physiol. 2021, 236, 5036-5051. [CrossRef] [PubMed]

Mo, M.; Wang, S.; Zhou, Y.; Li, H.; Wu, Y. Mesenchymal Stem Cell Subpopulations: Phenotype, Property and Therapeutic
Potential. Cell. Mol. Life Sci. 2016, 73, 3311-3321. [CrossRef] [PubMed]

Rider, D.A.; Dombrowski, C.; Sawyer, A.A.; Ng, G.H.B.; Leong, D.; Hutmacher, D.W.; Nurcombe, V.; Cool, S.M. Autocrine
Fibroblast Growth Factor 2 Increases the Multipotentiality of Human Adipose-Derived Mesenchymal Stem Cells. Stem Cells 2008,
26,1598-1608. [CrossRef] [PubMed]

Peng, Q.; Duda, M.; Ren, G.; Xuan, Z.; Pennisi, C.P,; Porsborg, S.R.; Fink, T.; Zachar, V. Multiplex Analysis of Adipose-Derived
Stem Cell (ASC) Immunophenotype Adaption to In Vitro Expansion. Cells 2021, 10, 218. [CrossRef] [PubMed]

Li, X.; Guo, W.; Zha, K ; Jing, X.; Wang, M.; Zhang, Y.; Hao, C.; Gao, S.; Chen, M.; Yuan, Z.; et al. Enrichment of CD146* Adipose-
Derived Stem Cells in Combination with Articular Cartilage Extracellular Matrix Scaffold Promotes Cartilage Regeneration.
Theranostics 2019, 9, 5105-5121. [CrossRef] [PubMed]

Lauvrud, A.T,; Kelk, P; Wiberg, M.; Kingham, P.J. Characterization of Human Adipose Tissue-Derived Stem Cells with Enhanced
Angiogenic and Adipogenic Properties. J. Tissue Eng. Regen. Med. 2017, 11, 2490-2502. [CrossRef] [PubMed]

Mashima, R. Physiological Roles of miR-155. Immunology 2015, 145, 323-333. [CrossRef] [PubMed]

Hu, J.; Huang, S.; Liu, X.; Zhang, Y.; Wei, S.; Hu, X. miR-155: An Important Role in Inflammation Response. . Immunol. Res. 2022,
2022, €7437281. [CrossRef]

Kurowska-Stolarska, M.; Alivernini, S.; Ballantine, L.E.; Asquith, D.L.; Millar, N.L.; Gilchrist, D.S.; Reilly, J.; Ierna, M.; Fraser, A.R,;
Stolarski, B.; et al. MicroRNA-155 as a Proinflammatory Regulator in Clinical and Experimental Arthritis. Proc. Natl. Acad. Sci.
USA 2011, 108, 11193-11198. [CrossRef] [PubMed]

O’Connell, RM.; Kahn, D.; Gibson, W.S.].; Round, J.L.; Scholz, R.L.; Chaudhuri, A.A.; Kahn, M.E.; Rao, D.S.; Baltimore, D.
MicroRNA-155 Promotes Autoimmune Inflammation by Enhancing Inflammatory T Cell Development. Immunity 2010, 33,
607-619. [CrossRef] [PubMed]

Pasca, S.; Jurj, A.; Petrushev, B.; Tomuleasa, C.; Matei, D. MicroRNA-155 Implication in M1 Polarization and the Impact in
Inflammatory Diseases. Front. Immunol. 2020, 11, 625. [CrossRef] [PubMed]

Fairfax, K.A.; Gantier, M.P.; Mackay, F.; Williams, B.R.G.; McCoy, C.E. IL-10 Regulates Aicda Expression through miR-155. .
Leukoc. Biol. 2015, 97, 71-78. [CrossRef] [PubMed]

Cheung, S.T.; So, E.Y.; Chang, D.; Ming-Lum, A.; Mui, A.L.-F. Interleukin-10 Inhibits Lipopolysaccharide Induced miR-155
Precursor Stability and Maturation. PLoS ONE 2013, 8, e71336. [CrossRef] [PubMed]

Zheng, Y.; Ge, W.; Ma, Y.; Xie, G.; Wang, W.; Han, L.; Bian, B.; Li, L.; Shen, L. miR-155 Regulates IL-10-Producing CD24hiCD27* B
Cells and Impairs Their Function in Patients with Crohn’s Disease. Front. Immunol. 2017, 8, 914. [CrossRef] [PubMed]

Cancello, R.; Henegar, C.; Viguerie, N.; Taleb, S.; Poitou, C.; Rouault, C.; Coupaye, M.; Pelloux, V.; Hugol, D.; Bouillot, ].-L.; et al.
Reduction of Macrophage Infiltration and Chemoattractant Gene Expression Changes in White Adipose Tissue of Morbidly
Obese Subjects after Surgery-Induced Weight Loss. Diabetes 2005, 54, 2277-2286. [CrossRef] [PubMed]

Clément, K.; Viguerie, N.; Poitou, C.; Carette, C.; Pelloux, V.; Curat, C.A.; Sicard, A.; Rome, S.; Benis, A.; Zucker, J.-D.; et al.
Weight Loss Regulates Inflammation-Related Genes in White Adipose Tissue of Obese Subjects. FASEB |. Off. Publ. Fed. Am. Soc.
Exp. Biol. 2004, 18, 1657-1669. [CrossRef] [PubMed]


https://doi.org/10.2337/db16-0731
https://www.ncbi.nlm.nih.gov/pubmed/27899485
https://doi.org/10.1016/j.cell.2017.08.035
https://www.ncbi.nlm.nih.gov/pubmed/28942920
https://doi.org/10.1210/jc.2014-2574
https://doi.org/10.1186/s13287-015-0116-z
https://www.ncbi.nlm.nih.gov/pubmed/26129847
https://doi.org/10.1007/s13770-022-00450-8
https://www.ncbi.nlm.nih.gov/pubmed/35511336
https://doi.org/10.1016/j.omtn.2023.03.001
https://www.ncbi.nlm.nih.gov/pubmed/36969553
https://doi.org/10.3389/fimmu.2021.624024
https://www.ncbi.nlm.nih.gov/pubmed/33841404
https://doi.org/10.1002/jcp.30213
https://www.ncbi.nlm.nih.gov/pubmed/33325098
https://doi.org/10.1007/s00018-016-2229-7
https://www.ncbi.nlm.nih.gov/pubmed/27141940
https://doi.org/10.1634/stemcells.2007-0480
https://www.ncbi.nlm.nih.gov/pubmed/18356575
https://doi.org/10.3390/cells10020218
https://www.ncbi.nlm.nih.gov/pubmed/33499095
https://doi.org/10.7150/thno.33904
https://www.ncbi.nlm.nih.gov/pubmed/31410204
https://doi.org/10.1002/term.2147
https://www.ncbi.nlm.nih.gov/pubmed/26833948
https://doi.org/10.1111/imm.12468
https://www.ncbi.nlm.nih.gov/pubmed/25829072
https://doi.org/10.1155/2022/7437281
https://doi.org/10.1073/pnas.1019536108
https://www.ncbi.nlm.nih.gov/pubmed/21690378
https://doi.org/10.1016/j.immuni.2010.09.009
https://www.ncbi.nlm.nih.gov/pubmed/20888269
https://doi.org/10.3389/fimmu.2020.00625
https://www.ncbi.nlm.nih.gov/pubmed/32351507
https://doi.org/10.1189/jlb.2A0314-178R
https://www.ncbi.nlm.nih.gov/pubmed/25381386
https://doi.org/10.1371/journal.pone.0071336
https://www.ncbi.nlm.nih.gov/pubmed/23951138
https://doi.org/10.3389/fimmu.2017.00914
https://www.ncbi.nlm.nih.gov/pubmed/28824639
https://doi.org/10.2337/diabetes.54.8.2277
https://www.ncbi.nlm.nih.gov/pubmed/16046292
https://doi.org/10.1096/fj.04-2204com
https://www.ncbi.nlm.nih.gov/pubmed/15522911

Int. J. Mol. Sci. 2024, 25, 6644 19 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Acosta, ].R.; Tavira, B.; Douagi, I.; Kulyté, A.; Arner, P,; Rydén, M.; Laurencikiene, J. Human-Specific Function of IL-10 in Adipose
Tissue Linked to Insulin Resistance. J. Clin. Endocrinol. Metab. 2019, 104, 4552-4562. [CrossRef] [PubMed]

Lu, L.-F; Thai, T.-H.; Calado, D.P,; Chaudhry, A.; Kubo, M.; Tanaka, K.; Loeb, G.B.; Lee, H.; Yoshimura, A.; Rajewsky, K.; et al.
Foxp3-Dependent microRNA155 Confers Competitive Fitness to Regulatory T Cells through Targeting SOCS1. Immunity 2009, 30,
80-91. [CrossRef] [PubMed]

Kohlhaas, S.; Garden, O.A.; Scudamore, C.; Turner, M.; Okkenhaug, K.; Vigorito, E. Cutting Edge: The Foxp3 Target miR-155
Contributes to the Development of Regulatory T Cells1. J. [mmunol. 2009, 182, 2578-2582. [CrossRef] [PubMed]

Piekarska, K.; Urban-Wojciuk, Z.; Kurkowiak, M.; Pelikant-Matecka, I.; Schumacher, A.; Sakowska, ].; Spodnik, J.H.; Arcimowicz,
L.; Zieliiska, H.; Tymoniuk, B.; et al. Mesenchymal Stem Cells Transfer Mitochondria to Allogeneic Tregs in an HLA-Dependent
Manner Improving Their Inmunosuppressive Activity. Nat. Commun. 2022, 13, 856. [CrossRef] [PubMed]

Bradley, D.; Smith, A].; Blaszczak, A.; Shantaram, D.; Bergin, S.M.; Jalilvand, A.; Wright, V.; Wyne, K.L.; Dewal, R.S.; Baer, L.A;
et al. Interferon Gamma Mediates the Reduction of Adipose Tissue Regulatory T Cells in Human Obesity. Nat. Commun. 2022, 13,
5606. [CrossRef] [PubMed]

Liu, S.; Yang, Y.; Wu, J. TNFo-Induced up-Regulation of miR-155 Inhibits Adipogenesis by down-Regulating Early Adipogenic
Transcription Factors. Biochem. Biophys. Res. Commun. 2011, 414, 618-624. [CrossRef] [PubMed]

Karkeni, E.; Astier, J.; Tourniaire, E; El Abed, M.; Romier, B.; Gouranton, E.; Wan, L.; Borel, P,; Salles, J.; Walrand, S.; et al.
Obesity-Associated Inflammation Induces microRNA-155 Expression in Adipocytes and Adipose Tissue: Outcome on Adipocyte
Function. J. Clin. Endocrinol. Metab. 2016, 101, 1615-1626. [CrossRef] [PubMed]

Kloting, N.; Berthold, S.; Kovacs, P.; Schon, M.R.; Fasshauer, M.; Ruschke, K.; Stumvoll, M.; Blither, M. MicroRNA Expression in
Human Omental and Subcutaneous Adipose Tissue. PLoS ONE 2009, 4, e4699. [CrossRef] [PubMed]

Cerda, A.; Amaral, A.A.; de Oliveira, R.; Moraes, T.I.; Braga, A.A.; Graciano-Saldarriaga, M.E.; Fajardo, C.M.; Hirata, T.D.C;
Bonezi, V.; Campos-Salazar, A.B.; et al. Peripheral Blood miRome Identified miR-155 as Potential Biomarker of MetS and
Cardiometabolic Risk in Obese Patients. Int. J. Mol. Sci. 2021, 22, 1468. [CrossRef] [PubMed]

Sato, T.; Nagafuku, M.; Shimizu, K,; Taira, T.; Igarashi, Y.; Inokuchi, J. Physiological Levels of Insulin and IGF-1 Synergistically
Enhance the Differentiation of Mesenteric Adipocytes. Cell Biol. Int. 2008, 32, 1397-1404. [CrossRef] [PubMed]

Scavo, L.M.; Karas, M.; Murray, M.; Leroith, D. Insulin-Like Growth Factor-I Stimulates Both Cell Growth and Lipogenesis during
Differentiation of Human Mesenchymal Stem Cells into Adipocytes. J. Clin. Endocrinol. Metab. 2004, 89, 3543-3553. [CrossRef]
[PubMed]

Shen, X.; Zhao, Z.; Yang, B. MicroRNA-155 Promotes Apoptosis of Colonic Smooth Muscle Cells and Aggravates Colonic
Dysmotility by Targeting IGF-1. Exp. Ther. Med. 2020, 19, 2725-2732. [CrossRef] [PubMed]

Tanaka, S.; Watanabe, H.; Nakano, T.; Imafuku, T.; Kato, H.; Tokumaru, K.; Arimura, N.; Enoki, Y.; Maeda, H.; Tanaka, M.; et al.
Indoxyl Sulfate Contributes to Adipose Tissue Inflammation through the Activation of NADPH Oxidase. Toxins 2020, 12, 502.
[CrossRef] [PubMed]

Idziak, M.; Pedzisz, P.; Burdziniska, A.; Gala, K.; Paczek, L. Uremic Toxins Impair Human Bone Marrow-Derived Mesenchymal
Stem Cells Functionality in Vitro. Exp. Toxicol. Pathol. Off. ]. Ges. Toxikol. Pathol. 2014, 66, 187-194. [CrossRef] [PubMed]
Kamprom, W.; Tawonsawatruk, T.; Mas-Oodji, S.; Anansilp, K.; Rattanasompattikul, M.; Supokawej, A. P-Cresol and Indoxyl
Sulfate Impair Osteogenic Differentiation by Triggering Mesenchymal Stem Cell Senescence. Int. |. Med. Sci. 2021, 18, 744-755.
[CrossRef] [PubMed]

Alicka, M.; Major, P.; Wysocki, M.; Marycz, K. Adipose-Derived Mesenchymal Stem Cells Isolated from Patients with Type 2
Diabetes Show Reduced “Stemness” through an Altered Secretome Profile, Impaired Anti-Oxidative Protection, and Mitochondrial
Dynamics Deterioration. J. Clin. Med. 2019, 8, 765. [CrossRef] [PubMed]

Gan, F; Liu, L.; Zhou, Q.; Huang, W.; Huang, X.; Zhao, X. Effects of Adipose-Derived Stromal Cells and Endothelial Progenitor
Cells on Adipose Transplant Survival and Angiogenesis. PLoS ONE 2022, 17, e0261498. [CrossRef] [PubMed]

Yin, M.; Zhang, Y.; Yu, H.; Li, X. Role of Hyperglycemia in the Senescence of Mesenchymal Stem Cells. Front. Cell Dev. Biol. 2021,
9, 665412. [CrossRef]

Cramer, C.; Freisinger, E.; Jones, R.K,; Slakey, D.P,; Dupin, C.L.; Newsome, E.R.; Alt, E.U.; Izadpanah, R. Persistent High Glucose
Concentrations Alter the Regenerative Potential of Mesenchymal Stem Cells. Stem Cells Dev. 2010, 19, 1875-1884. [CrossRef]
[PubMed]

Liu, Y,; Li, Y;; Nan, L.-P.; Wang, F.; Zhou, S.-F; Wang, ].-C.; Feng, X.-M.; Zhang, L. The Effect of High Glucose on the Biological
Characteristics of Nucleus Pulposus-Derived Mesenchymal Stem Cells. Cell Biochem. Funct. 2020, 38, 130-140. [CrossRef]
[PubMed]

Xiao, S.; Zhang, D.; Liu, Z,; Jin, W.; Huang, G.; Wei, Z.; Wang, D.; Deng, C. Diabetes-Induced Glucolipotoxicity Impairs Wound
Healing Ability of Adipose-Derived Stem Cells-through the miR-1248/CITED2 /HIF-1a Pathway. Aging 2020, 12, 6947-6965.
[CrossRef] [PubMed]


https://doi.org/10.1210/jc.2019-00341
https://www.ncbi.nlm.nih.gov/pubmed/31132124
https://doi.org/10.1016/j.immuni.2008.11.010
https://www.ncbi.nlm.nih.gov/pubmed/19144316
https://doi.org/10.4049/jimmunol.0803162
https://www.ncbi.nlm.nih.gov/pubmed/19234151
https://doi.org/10.1038/s41467-022-28338-0
https://www.ncbi.nlm.nih.gov/pubmed/35165293
https://doi.org/10.1038/s41467-022-33067-5
https://www.ncbi.nlm.nih.gov/pubmed/36153324
https://doi.org/10.1016/j.bbrc.2011.09.131
https://www.ncbi.nlm.nih.gov/pubmed/21986534
https://doi.org/10.1210/jc.2015-3410
https://www.ncbi.nlm.nih.gov/pubmed/26829440
https://doi.org/10.1371/journal.pone.0004699
https://www.ncbi.nlm.nih.gov/pubmed/19259271
https://doi.org/10.3390/ijms22031468
https://www.ncbi.nlm.nih.gov/pubmed/33540559
https://doi.org/10.1016/j.cellbi.2008.08.010
https://www.ncbi.nlm.nih.gov/pubmed/18778784
https://doi.org/10.1210/jc.2003-031682
https://www.ncbi.nlm.nih.gov/pubmed/15240644
https://doi.org/10.3892/etm.2020.8485
https://www.ncbi.nlm.nih.gov/pubmed/32256755
https://doi.org/10.3390/toxins12080502
https://www.ncbi.nlm.nih.gov/pubmed/32764271
https://doi.org/10.1016/j.etp.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24548687
https://doi.org/10.7150/ijms.48492
https://www.ncbi.nlm.nih.gov/pubmed/33437209
https://doi.org/10.3390/jcm8060765
https://www.ncbi.nlm.nih.gov/pubmed/31151180
https://doi.org/10.1371/journal.pone.0261498
https://www.ncbi.nlm.nih.gov/pubmed/35025920
https://doi.org/10.3389/fcell.2021.665412
https://doi.org/10.1089/scd.2010.0009
https://www.ncbi.nlm.nih.gov/pubmed/20380516
https://doi.org/10.1002/cbf.3441
https://www.ncbi.nlm.nih.gov/pubmed/31957071
https://doi.org/10.18632/aging.103053
https://www.ncbi.nlm.nih.gov/pubmed/32294623

Int. J. Mol. Sci. 2024, 25, 6644 20 of 20

70. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults Executive Summary of the Third
Report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Panel III). JAMA 2001, 285, 2486-2497. [CrossRef] [PubMed]

71. Stojanovic, M.; Popevic, M.; Pekic, S.; Doknic, M.; Miljic, D.; Medic-Stojanoska, M.; Topalov, D.; Stojanovic, J.; Milovanovic, A.;
Petakov, M.; et al. Serum Insulin-Like Growth Factor-1 (IGF-1) Age-Specific Reference Values for Healthy Adult Population of
Serbia. Acta Endocrinol. Buchar. 2021, 17, 462-471. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1001/jama.285.19.2486
https://www.ncbi.nlm.nih.gov/pubmed/11368702
https://doi.org/10.4183/aeb.2021.462
https://www.ncbi.nlm.nih.gov/pubmed/35747861

	Introduction 
	Results 
	Basic Clinical Parameters 
	Cytometric Ad-MSC Verification 
	Expression of microRNAs 
	Expression of microRNAs across the Studied Subgroups 
	Expression of microRNAs in Relation to Clinical Parameters 

	Secretion of Protein Regulators 
	Secretion of Protein Regulators across the Studied Subgroups 
	Secretion of Protein Regulators in Relation to Clinical Parameters 

	Expression of microRNAs vs. Secretion of Protein Regulators 

	Discussion 
	Ad-MSC Antigenic Characteristic 
	Decreased Ad-MSC Expression of miR-155 as a Hallmark/Source of Obesity and Metabolic Microinflammation 
	IL-10 as a Possible Anti-Inflammatory Effector of Ad-MSC miR-155 
	Ad-MSC miR-155 as a Primer of Adipose Tissue Regulatory T Cells 
	Ad-MSC miR-155 as an Autocrine Inhibitor of Adipogenesis 
	Ad-MSC miR-155 as an Inhibitor of IGF-1 

	Significance of Ad-MSC IL-6 and VEGF 
	Study Limitations 

	Materials and Methods 
	Study Participants and Assessment of Basic Clinical Parameters 
	Ad-MSC Culture 
	Assessment of microRNA Expression in Ad-MSCs 
	Assessment of Ad-MSC Secretion of Protein Regulators 
	Cytometric Ad-MSC Verification 
	Statistical Analysis 

	Conclusions 
	References

