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OXIDATIVE STRESS RESPONSES OF IN VITRO

EXPANDED WJ-MSCS DERIVED FROM MOTHERS
WITH DIABETES MELLITUS

Aim. Up to now, there are limited and conflicting data regarding the effects of diabetic microenvironment on perinatal
stem cells. Our study aims to assess impact of diabetes mellitus on functional responses of in vitro expanded W]-MSCs
derived from DM-mothers to oxidative stress. Methods. MSCs were obtained by the explant method and cultured ac-
cording to standard methods. Oxidative stress was induced by hydrogen peroxide (H,0,) added as a pulse. Treated
WIJ-MSCs were analyzed for metabolic activity by MTT assay. Results. The dose-response effect of different concentra-
tion of H,0, (6,25—440 uM) on WJ]-MSCs derived from mothers with DM and healthy mothers was evaluated in vitro.
The difference between diabetic and control groups in NOAEL values (no observed adverse effect level) was analyzed.
Conclusions. The effect of oxidative stress on the in vitro metabolic activity of both normal and diabetic W]-MSCs was
manifested according to the hormetic model of the response to the stressor (dose-response with stimulation by a low dose
and inhibition by a high dose) and the threshold model with adaptation to low doses without stimulation. There was a
trend towards higher tolerance to moderate oxidative stress in dW]-MSCs compared with control cells according to
NOAEL values. However, no statistically significant difference in these values between groups was found, according
to the Mann-Whitney U-test. Further studies on more amount of samples are needed to use this cell model for diagnos-
tic applications and to develop criteria for donor cells.
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Introduction

Diabetes mellitus (DM) and its complications sig-
nificantly affect the quality of life and life expec-
tancy of patients worldwide. According to The IDF
Diabetes Atlas 2025, 589 million adults (29—79)
are living with diabetes. This number is predicted
to rise to 853 million by 2050 [https://diabetesat-
las.org]. Traditional therapeutic drugs for DM
have great limitations (they can only temporarily
control blood glucose level, but not fundamentally
restore it) and side effects. Currently, numerous
studies have demonstrated the effectiveness of
MSCs and their bioactive factors in managing DM
[1—3]. However, in the last decade, it has been
shown that the diabetic microenvironment can af-
fect the therapeutic potential of MSCs, manifested
by decreased cell proliferative activity, reduced
chondrogenic and osteogenic differentiation po-
tential, and increased levels of reactive oxygen spe-
cies [4, 5]. It has been demonstrated that the dia-
betic microenvironment may reduce the therapeu-
tic potential of both normal MSCs after transplan-
tation into diabetic patients and donor cells ob-
tained from diabetic individuals [6, 7].

Perinatal stem cells are highly attractive for cell
therapy due to their unique features. The cells
have promising immunomodulatory and regene-
rative properties and a number of advantages over
adult stem cells. Currently, Wharton’s jelly MSCs
(WJ-MSCs) are widely studied due to their cha-
racteristics, abundance within the tissue and rapid
proliferation. However, the pregnancy complica-
tions such as diabetes may affect extraembryonic
cells properties, including WJ-MSCs, as evidenced
by a number of studies [8—10].

Hyperglycemia and high glucose-induced oxi-
dative stress are supposed to be the main factors in
the diabetic complications [4, 11, 12]. At the same
time, increasing number of studies indicate that
MSCs possess antioxidant properties, which may
explain their therapeutic effects in animal models
of various diseases [13, 14]. According to antioxi-
dant paradigm MSCs, “the presented studies evi-
dently demonstrate that MSCs exhibit antioxidant
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potential either directly via scavenging of ROS and
donating mitochondria or indirectly by upregula-
tion antioxidant defenses in other cells and alte-
ring cellular bioenergetics” [13].Impact of diabe-
tic environment under pregnancy on antioxidant
efficacy of perinatal MSCs is still under inves-
tigation. Therefore, the aim of this work was to
study the impact of the diabetic microenviron-
ment on antioxidant potential of in vitro expanded
WJ-MSCsderived from DM-mothers (dWJ]-MSCs)
and compare dWJ-MSCs and WJ-MSCs from
healthy women (nWJ]-MSCs) responses to oxida-
tive stress. Specifically, our focus was on assessing
the influence of DM environment on survival of
WJ-MSCs in vitro under different levels of oxida-
tive stress.

Methods
WJ-MSC:s isolation

W]J-MSCs were isolated by non-enzymatic culturing
of explants from human umbilical cords obtained
from normal pregnancies (n = 3) and diabetic preg-
nancies (n = 3) as previously described [15]. In brief,
the human umbilical cord tissue (hUC) was cut into
0.5—1 cm pieces, which were washed with culture
medium and PBS, and the three vessels were removed
carefully. These pieces were placed in 25 cm?
flasks,containing DMEM/F-12, 10% FBS and cul-
tured at 37 °C with 5% CO, under normoxic condi-
tions (20% O,). The cells expansion was monitored
daily and passaged using 0.25% trypsin-EDTA when
monolayer confluence was about 80—85%. The cells
at second passage (P2) were used for study. To simu-
late oxidative stress conditions, cultures were exposed
to typical membrane-permeable oxidant H,O, from
6,25 to 450 uM for 24 hours.

MTT assay for determination

of cell viability

The metabolic activity of WJ-MSCs was assessed
using the MTT assay. Briefly, the cells (5 x 10° cells
per well) were seeded on a 96-well plate. After
24 h, culture medium was removed and cells were
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treated with H O, for 24 h.The control cells were
cultured in DMEM/F12 medium without H,O..
After MTT treatment, the OD value was detected
at 570 nm using a microplate reader [16]. Cell vi-
ability was expressed as a percentage of control.

Data analysis

Data are expressed as the mean +SD. Dose re-
sponse curves were plotted on Excel using the log
scale for x-axis. Statistical analysis was performed
using OriginPro 7.5 SR1 software (OriginLab Cor-
poration, USA). The quantitative variables that fol-
lowed a normal distribution were studied with
analysis of variance (one-way ANOVA). Mann-
Whitney U test was performed to compare quanti-
tative variables not normally distributed. Box plots
were created in the Microsoft 365 version of Excel.
Statistical significance was considered as p < 0.05.

Results and Discussion

Diabetes is known to be closely associated with hy-
perglycemia and oxidative stress. To estimate the
impact of the diabetic microenvironment during
pregnance on oxydative stress responses of in vitro
expanded dWJ-MSCs, the cells isolated from
healthy and DM individuals were cultured under
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Fig. 1. Effect of H,O,-treatment on individual WJ]-MSCs
viability in vitro. I — dWJ-MSCs (T2); 2 — dWJ-MSCs
(T2); 3 — dWJ-MSCs (T1); 4 — nWJ-MSC; 5 — nWJ-
MSCs; 6 — nWJ-MSCs; 7 — the dotted line corresponds
to 100% cell viability. The dashed lines correspond to
dWJ-MSCs. A log scale was used for x-axis

difference oxidative stress levels and high glucose.
According to WHO data normal blood glucose
level in human usually range from 3,9 mM to
5,6 mM. We used DMEM/F12 culture medium,
where the glucose content differs significantly
from the physiological norm (17,5 mM). To simu-
late oxidative stress, the cells were exposed to
single H O, treatment in the wide range of initial

Table 1. Effect of diabetic microenvironment on WJ-MSCs performance under oxidative stress in vitro

uM #1 #2 #3 #4 #5 #6
6,25 100.0 £ 2,5 99.2+1 107.1+£1* 102.3 £ 2.9 97.3+25 99.4+4.2
12,5 97.0+3 106.0 £ 1.1* 116.5 £ 5.2* 105.7 £ 1.9% 102.1 £ 2.6 101.8 +1.7
25 98.5 3,9 107.1 £2.1* 1135+ 1.3% 106.6 + 2.5* 100.6 £ 2.3 102.2+1.3
50 98.7£3,5 1029+ 1.9 109.3 £ 1.6* 101.8 £ 1.5 89.1 +4.1* 98.6 £3.1
100 98.9 2,2 96.4+2.5 101.0 £ 2.9 941x+24 89.2+2.1* 92.8 +1.3*
145 949 +2,1 91.3+£3.2* 83.2+£2% 93.4+2.6 82.7+3.1* 90.2 £2.1*
290 80.1+1,8* 728 +2* 708 +1* 74.1+2.7% 413+ 1.7% 422 +1.9*
440 51.0+34* 522 +£2.5* 426 +1.5* 61.3+1.2* 403+ 1.1* 322 +1.3*
NOAEL 100 70 105 60 25 40

Notes: Data point is the mean + SD of six replicates. The difference between means of cell viability for each H O, con-
centration point and control point was analysed by one-way ANOVA for each cell sample. Statistical difference between
means is indicated with asterisk (¥, p < 0.05). MSC sample demonstrating the hormetic model of dose response is pre-
sented in bold. The NOAEL was estimated by the dose-response curves analysis
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Fig. 2. The responses of W]J-MSCs to single low and mo-
derate H,0, doses (“oxidative eustress”). I — dWJ-MSCs
(T2); 2 — dWJ-MSCs (T2); 3 — dWJ-MSCs (T1); 4 —
nWJ-MSC; 5 — nWJ-MSCs; 6 — nWJ-MSCs; 7 — the
dotted line corresponds to 100% cell viability
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Fig. 3. Box plot of the Mann-Whitney U test for values of
NOAEL Whiskers denote 1.5x the interquartile range and
outliers are marked as dots.

concentrations (6,25 uM, 12,5 uM, 50 uM, 100 pM,
145 uM, 290 puM, 440 uM) for 24 h. Modelled curve
of 6 WJ-MSCs pooled samples in response to dif-
ferent H,O, doses is shown in Fig. 1. The results
are expressed as survival rates, calculated as the
percentage of MTT activity normalized to control
(without H,O,). The values for the curve parame-
ters are shown in Table 1.

The responses of WJ-MSCs in the concentration
range denoted as “oxidative eustress” are detailed
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in Fig. 2. According to the overview of H. Sies, the
intracellular physiological range of H,O, spans be-
tween 1 and 10 up to approx. 100 nM (for liver
cells). The approximate limits of the “oxidative
eustress” range are 100—1000 nM and adaptive
stress responses occur at these concentrations.
Given that the cellular antioxidant pathways create
a gradient between extracellular and intracellular
levels of exogenous H,O, of about 100-fold in the
cells exposed to the micromole doses, exogenous
H,O, concentrations in this region range from 1 to
100 uM [17]. In this range we showed that exoge-
nously applied H,0, (6,25—100 uM, which corres-
ponds to 60—1000 nM at the intracellular level)
induced non-monotonic dose response with spe-
cific features for hormetic and threshold models.
The samples 2, 3 and 4 represented dose-response
curves depicting the quantitative features of
hormesis, which is characterized by a low dose
stimulation and high dose inhibitory effects and
considered as the first quantitative estimate of bio-
logical plasticity. The samples 1, 5 and 6 represen-
ted dose-response curves depicting the quantita-
tive features of threshold response. The threshold
model is characterized by an initial zero response
that extends up to a certain dose, and then damage
occurs according to the dose.

We have found in the previous study [18] that
there is a large inter-subject variability of WJ-
MSCs in response to oxidative stress at each tes-
ted dose of H,O,, but only 2 types of stress re-
sponses were observed. The comparison of re-
sponses to oxidative stress induced by H,0O, in
vitro between WJ-MSCs derived from diabetic
and healthy mothers showed no considerable
difference in mode of response and some quanti-
tative features. For example, the maximum am-
plitude of the stimulation response was in the
range of 6—17%, as in previous work (n = 12).
However, one feature distinguished dWJ-MSCs
from nWJ-MSCs. dWJ-MSCs were character-
ized by a higher NOAEL values (70 pM, 80 uM
and 100 uM). For nWJ-MSCs the NOAEL were
25 uM, 40 pM and 60 uM. In our previous work,
where cells were also studied under oxidative
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stress at the same conditions, we found that
NOAEL values in 9 out of 12 WJ-MSC samples
were within the range of 20—50 uM [18]. Box-
Plot illustrating the spread of NOAEL values in
healthy (n = 15) and diabetic groups (n = 3) is
presented in Fig. 3. However, no statistical diffe-
rences were found in the diabetic group com-
pared to the control group (p > 0.05) according
to Mann-Whitney U test.

In cells chronically exposed to the diabetic
microenvironment, antioxidant pathways may
undergo some changes. Qenaei et al. [19] have
shown that cells exposed to chronic oxidative in-
fluence have altered antioxidant defense mecha-
nisms, which induce a series of adaptive respon-
ses that are distinct from those observed after
acute exposure. Waheed T.O. et al. [20] also re-
vealed that the levels of antioxidant enzymes of
adipose tissue-derived MSCs were elevated du-
ring prolonged exposure to GOx-induced H,0,
compared to pulsed exposure to H,O,. Wanlu Su
at al. found that diabetic microenvironment pre-
conditioning of adipose tissue-derived mesen-
chymal stem cells enhanced their anti-diabetic,
anti-long-term complications, and anti-infam-
matory effects in type 2 diabetic rats [21]. It is
possible that further H,O, exposure (acute expo-
sure) in vitro of dWJ-MSCs, that have experi-
enced prolonged oxidative stress in vivo, may
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BIJITIOBIZII HA OKCUJTATUBHMI CTPEC KYJIbTMBOBAHUX
IN VITRO ME3EHXIMAJIbHUX CTOBBYPOBVX KJIITVIH BAPTOHOBOI'O
CTYIHIO, OTPMMIMAHUNX BIJJ] MATEPIB 3 IIABETOM

Mema. [lani mono BBy AiabeTMYHOTO MIKPOOTOUYEHHS Ha [IepMHATaNIbHi CTOBOYPOBI KniTiHM foci € pparMeHTap-
HUMM Ta CyIepewIMBuMu. MeTo JOCIipKeHHs 6y/I0 OLiHNTY BIUTUB [iabe THIHOTO MiKPOOTOUYeHHS Ha QPYHKI[iOHA/Ib-
Hi peakijil Ha OKCMEATMBHUIL cTpec in vitro posmHoxernx MCK Baproxosoro cryguio (MCK-BC), orpumanux Big
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miabeTnuyHux MarepiB. Memoou. MCK oTprmyBanu MeTOLOM eKCIUIAHTIB Ta Ky/IbTUBYBAIM 3a JOIIOMOTOI0 CTaHAAPT-
Hux MeTofiiB. OKCUATUBHUI CTpec iHAYKYBaayu IepOKCUIOM BOJSHIO (HZOZ), 1[0 OJaBaBCs pasoBo. MerabomiuHy
aktuBHicTb MCK-BC BusHauanu 3a gornomorowo MTT-ananisy. Pesynvmamu. Hamii pe3ynbTati mokasau, Mo XXUT-
tesparHicts MCK-BC, 110 3HaXOAMINCD Mif BIUIMBOM Aiabe TMYHOTO MIKPOOTOUEHHS Ta KOHTPOIbPHUX KTiTVH, 3a3Ha-
BaJIa BIUIUBY Bifl HZO2 3a 1BoX-(asHOK (rOpMETHYHOI0) Ta ABOX-JIiHIIHOW (IOPOrOBOI) MOJEISAMHU BIiANOBIAl IpH
KOHIIEHTpAIisX Bif 6,25 o 440 MkM. MTT-aHani3 He BUSBIIAB CYTTEBUX 3MiH BIDKMBAHHA MiC/Is1 06pO6KM HZO2 MiX
KJTITMHAM, 10 3a3HaNM fiabe TMIHOTO BIUINBY Ta KoHTponbHuMK. OnHak 3HaueHHss NOAEL (piBeHb 6e3 criocTepexy-
BaHOTO M06iYHOrO eeKTy) A/Is KIiTHH, IO 3a3HaIM 4iabeTMYHOro BIUIMBY, CTAHOBIMIO 6m13bko 100 MKM, 1110 He €
TUIIOBUM JJIs1 KOHTPOJIbHMX KIiTHH. BucHoéku. By OKCMAATUBHOTO CTpeCY Ha MeTabOiYHY aKTUBHICTS in vitro K
HOpManbHIX, TaK i glabetnannx MCK-BC mposBisBcs BifIOBiFHO K0 TOPMETHIHOI MOieTi BiAMIOBIA Ha cTpecop (Ko-
30Ba BifiNOBi/Ib 31 CTUMYJIALI€I0 HU3BKOIO JO3010 TA Fa/IbMYBaHHS BYCOKOIO /I03010) Ta IOPOTOBOI MOZIeIi 3 afjanTaliieo
Io HM3bKMX 03 6e3 ctumysinii Croctepiramacs TEHAEHIIs O BUILOI TOIEPAHTHOCTI IO IIOMIPHOTO OKCHAATBHOTO
crpecy B fMCK-BC nopiBHAHO 3 KOHTpOAbHUMMU KiIiTMHaMM 3rigHo 3i 3HauenHaMu NOAEL. OpHnak, 3rigHo
3 U-kpurepiem MaHHa-BiTHi, CTaTMCTMYHO 3HAYYIOI Pi3HNII B IMX 3HAaYEHHAX MK IPyllaMu He BUABJeHO. [I1d Bu-
KOPUCTAHHS Lii€l KIIITMHHOI MOZei B JIarHOCTUYHMX Li/SAX Ta PO3POOKM KPUTEPIIB /1 HOHOPCHKMUX KIITUH HeoOXinHi
HOaIbII FOCTiKEeHHsI OibIIol KiTbKOCTI 3paskKiB.

Kntouoei cnosa: MCK-BC, niykpoBuii fiiabet, OKCHaTMBHUIL CTpeC.
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