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Diabetes mellitus (DM) is one of the most serious threats in the 21th century throughout the human pop-
ulation that needs to be addressed cautiously. Nowadays, stem cell injection is considered among the
most promising protocols for DM therapy; owing to its marked tissues and organs repair capability.
Therefore, our 4 weeks study was undertaken to elucidate the probable beneficial effects of two types
of adult mesenchymal stem cells (MSCs) on metabolism disturbance and some tissue function defects
in diabetic rats. Animals were classified into 4 groups; the control group, the diabetic group, the diabetic
group received a single dose of adipose tissue-derived MSCs and the diabetic group received a single dose
of bone marrow-derived MSCs. Herein, both MSCs treated groups markedly reduced hyperglycemia
resulting from diabetes induction via lowering serum glucose and rising insulin and C-peptide levels,
compared to the diabetic group. Moreover, the increased lipid fractions levels were reverted back to near
normal values as a consequence to MSCs injection compared to the diabetic untreated rats. Furthermore,
both MSCs types were found to have hepato-renal protective effects indicated through the decreased
serum levels of both liver and kidney functions markers in the treated diabetic rats. Taken together,
our results highlighted the therapeutic benefits of both MSCs types in alleviating metabolic anomalies
and hepato-renal diabetic complications.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The substantial increase in diabetes mellitus (DM) has been a
major public health problem affecting 12% of the global population.
It is a multiple etiology metabolic disorder that is considered the
7th leading cause of death worldwide (Kodidela et al., 2020;
Junior et al., 2021). In 2017, 425 million patients were diagnosed
with diabetes, which is expected to rise by 2045 to 629 million
(Buchade et al., 2021). Of note, severe hypoinsulinemia due to pan-
creatic b-cells autoimmune targeting is considered a characteristic
feature of type 1 diabetes mellitus (T1DM). Destruction of b-cells
located in the pancreas could lead to blood insulin regulation
defect with elevated blood glucose levels; initiating deleterious
carbohydrate, protein and lipid metabolic disturbance resulting
in marked hyperglycemia; which could in turn lead to various
complications progression in different organs such as neuropathy,
nephropathy and retinopathy (Williams et al., 2020). In such
patients, continuous exogenous insulin therapy is the most
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common therapeutic strategy used that cannot be avoided; how-
ever, it cannot compensate for the normal b-cells’ sensitive adjust-
ment (Takahashi et al., 2019).

Since, in some cases, insulin therapy could not properly control
the progression of diabetes and its complications, other alternative
therapies might be desirable. For this reason, new approaches of
treatment are being searched. Earlier traditional treatments had
focused only on the insulin level regulation without curing the dia-
betic complications, while, modern therapeutic approaches not
only mitigate the symptoms of the disease but also improve
organs’ function. Cell-based therapy, such as mesenchymal stem
cells (MSCs), has been proposed as a promising therapeutic strat-
egy for a number of degenerative disorders and their complications
including T1DM; regarding to their regeneration potential and
multilineage differentiation (Peng et al., 2018; Aminzadeh et al.,
2020). Among various cell types that have been used, mesenchy-
mal stem cells (MSCs) are considered to be one of the most promis-
ing types of stem cells for translational application because of their
rich tissue sources, multilineage differentiation capacity, easy
amplification in vitro, low immunogenicity, regeneration potential,
and unique immune biological properties (Ma et al., 2021). MSCs
are multipotent, non-hematopoietic stem cells, which can be col-
lected from various sources (bone marrow, liver, kidney, adipose
tissue, urine, umbilical cord blood, umbilical tissue Wharton’s jelly,
placenta). MSCs are identified by their expression of surface mark-
ers, CD73, CD90, and CD105, and lack of expression of hematopoi-
etic markers (CD11b, CD19, CD34, CD45, CD79, HLA-DR). Owing to
their multipotency, MSCs can replicate and differentiate into spe-
cialized cells to repopulate injured tissues (Birtwistle et al., 2021).

MSCs are multipotent, non-hematopoietic stem cells, which can
be collected from various sources (bone marrow, liver, kidney, adi-
pose tissue, urine, umbilical cord blood, umbilical tissue Wharton’s
jelly, placenta). MSCs are identified by their expression of surface
markers, CD73, CD90, and CD105, and lack of expression of
hematopoietic markers (CD11b, CD19, CD34, CD45, CD79, HLA-DR).
Owing to their multipotency, MSCs can replicate and differentiate
into specialized cells to repopulate injured tissues (Birtwistle et al.,
2021). Because bone marrow-mesenchymal stem cells (BM-MSCs)
are easily obtained by clinical procedures, it has become one of the
researches focuses of cell therapy for diabetes. Several in vitro studies
have revealed the reprogramming potency of BM-MSCs to become
functional insulin producing cells (IPCs), in addition to, regenerating
pancreatic tissues, which could overcome most of the diabetic com-
plications as a consequence to the marked hyperglycemia (Wu et al.,
2017; Zang et al., 2017). However, last years have witnessed a signif-
icantly increasing interest in adult adipose mesenchymal stem cells
(AD-MSCs) as well, as a promising candidate for translational medi-
cine applications. The abundant and renewable source of AD-MSCs,
in addition to simple isolation procedure, are only some of the rea-
sons for this success (Argentati et al., 2018; Si et al., 2019).

Since stem cells suitable source selection is critical to ensure their
proper differentiation into IPCs to repair diabetic complications, here
we performed a head-to-head study comparing the possible thera-
peutic benefits of both AD-MSCs and BM-MSCs for the treatment
of T1DM and its related complications in diabetic rat model while
uniformizing all study conditions regarding the rat’s gender, age,
weight, housing conditions, and blood glucose level, in addition to,
the cell count, phenotype, passage of cells, and the route of injection.

2. Materials and methods

2.1. Chemicals

Streptozotocin (STZ) and culture media constituents of both
BM-MSCs and AD-MSCs were purchased from Sigma Aldrich Co.
(St. Louis, Mo 6, USA); and were of pure chemical gradient.
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2.2. Biochemical assays

Serum glucose concentration was estimated by Trinder (1984)
method using SPINREACT Co. diagnostics kit, Spain. Insulin mea-
surement occurred by ELISA kit purchased from Boehringer Man-
nheim Co., Germany, according to the method of Flier et al.
(1976) using Boehringer Analyzer ES 300. While, C-peptide mea-
surement occurred by enzyme immunoassay (EIA) kit purchased
from Bio Vision Co., USA, according to the method of Flier et al.
(1976). Glycosylated hemoglobin (HbA1c), advanced glycation
end products (AGEs) and heme-oxygenase 1 (HO-1) were esti-
mated according to the methods of Gonen and Rubenstein (1978)
by using kits obtained from Teco Diagnostics Co., USA. However,
Biodiagnostic Co., Egypt kits have been used for the measurement
of serum lipid profile markers as total cholesterol (TC), triglyc-
erides (TG), total lipids (TL), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C); according
to methods of Young (2001), Fossati and Prencipe (1982), Zollner
and Kirsch (1962), Friedewald, (1972) and Grove (1979), respec-
tively. Using kits from Diamond Co., Egypt, serum total proteins
were measured according to Henry, (1964), while albumin and
globulins were estimated according to Young (2001). Serum liver
function markers like gamma glutamyl transferase (c-GT), alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
enzymatic activities were determined according to Scherwin
et al. (2003), while alkaline phosphatase (ALP) and total bilirubin
was analyzed quantitatively according to Young (2001). Serum kid-
ney function as creatinine, urea and uric acid levels were deter-
mined using Biodiagnostic Co., Egypt kits, according to Young
(2001) methods. All assessments were carried out according to
the instructions of the supplier.

2.3. BM-MSCs and AD-MSCs preparation

Fresh bone marrow and subcutaneous adipose tissues were
obtained from male 6–8-week-old rats and used to isolate BM-
MSCs and AD-MSCs respectively. To prepare BM-MSCs, each end
of the femur and tibia was cut to expose the marrow cavity, then
washed three times with phosphate-buffered saline (PBS). Fresh
bone marrow was collected and centrifuged at 2000 rpm for
10 min. Pelleted cells were suspended in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 U/ml penicillin with 100 lg /ml strepto-
mycin as an antibiotic at 37 �C in a 5% CO2 atmospheric state
with 95% humidity, then centrifuged at 2000 rpm for 10 min
(Hamza et al., 2017). On the other hand, 1–2 mg fresh rats’ sub-
cutaneous adipose tissues (epididymal fat) were harvested by
lipoaspiration, minced, washed extensively three times in PBS
and incubated into a digestion solution containing 0.075 % colla-
genase type I (prepared in PBS) at 37� for 3 h, then centrifuged for
10 min at 2000 rpm. After discarding the supernatant, cells were
collected as a pellet and suspended in DMEM (10% FBS, 2 mM L-
glutamine, and 100 U/ml penicillin with 100 lg /ml streptomycin
as an antibiotic) at 37 �C in 5% CO2 with 95% humidity (Chen
et al., 2020). The growth mediums of both MSCs types were chan-
ged every 3 days, and non-adherent cells were removed. All MSCs
used in this study, were from passage 3–4, and transferred chilled
for transplantation within 2 h.

2.4. BM-MSCs and AD-MSCs characterization

The inverted microscope has been used to perform both BM-
MSCs and AD-MSCs morphological characterization for confirming
their identity. Moreover, the stemness of cultured cells was con-
firmed by positive and negative surface markers (CD11b, CD34,
CD45, CD73, CD90 and CD105) % for characterization of the iso-
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lated BM-MSCs and AD-MSCs phenotyping, Figure 1A and 1B. This
was determined via Sigma Aldrich Company (USA) kits through
flow cytometric analysis to confirm retaining of their phenotype
before performing the animal study; according to the minimal cri-
teria defined by ISCT. A fresh tissue specimen was washed with
isotonic tris EDTA buffer, dissolved in 250 ml of distilled water at
7.5 pH (using 1N HCl), and centrifuged for 10 min at 1800 rpm.,
then aspire supernatant. Cells are fixed in ice-cold 96-100% ethanol
(1 ml for each sample), then stored in the refrigerator. Regarding
cells staining, the fluorochrome is directly linked to the primary
antibody (Phycoerythrin (PE) conjugate). Cell suspension adjusted
(10 cell/mL) with PBS/BSA buffer pH 7.4. The cell suspension was
Aliquoted into test tubes (100 mL each), then a 7mL antibody was
added for each tube, mixed well, and incubated for 30 min at room
temperature. Then, cells were washed with 2 mL of PBS/BSA and
centrifuged for 5 min at 4000 rpm. However, the resulting super-
natant was discarded and cells were resuspended in 0.2 mL of
PBS/BSA (Tribukait et al., 1975). Finally, data were acquired by flow
cytometry using FACS Caliber flow cytometer (Becton Dickinson,
Sunnyvale, CA, USA), equipped with a compact air cooked low
power 15 m watt argon ion laser beam (488 nm). The average eval-
uated cells per specimen was 10.000. Dean and Jett’s computer
program for mathematical analysis is used to obtain the DNA his-
tograms (Dean and Jett, 1974).

2.5. Experimental animals and maintenance

Twenty-four, 6–8 weeks, male Wistar rats weighed 100–120 g
were maintained at controlled temperature (22 ± 2 �C) with a
12:12 h light: dark cycle and humidity of 50 ± 5%, with free access
to water and chow. Following two weeks of acclimatization, rats
were randomly allocated into 4 groups each of 6 animals. The
experiential protocol was continued for four consecutive weeks.
All experimental procedures were approved and supervised by
the Institutional Ethical Committee for the care and use of labora-
tory animals in the Faculty of Science, Arish University, North Sinai,
Egypt. All efforts were made to minimize animal suffering.

2.6. Induction of diabetes

Overnight fasting rats for 12 h were injected intraperitoneally
with a single dose of freshly prepared STZ solution (45 mg/kg b.
w.) dissolved in 0.05 M cold sodium citrate buffer, pH 4.5; while
control rats received the vehicle alone. The STZ-induced diabetic
animals were allowed to drink 5% glucose solution overnight to
overcome drug-induced hypoglycemia. Three days after induction,
diabetes was confirmed by examining blood glucose level from tail
vein using Glukotest of diagnosis glucose level by ACCU–CHEKGo
apparatus (Roche Company, Germany). Rats with fasting blood glu-
cose level over 200 mg/dl were selected for randomized grouping
and considered as diabetic (Kodidela et al., 2020).

2.7. Experimental design

1. Control group: Injected intraperitoneally with a single dose of
sodium citrate buffer (pH 4.5).

2. Diabetic (D) untreated group: Injected intraperitoneally with a
single dose of STZ (45 mg/kg bw) dissolved in sodium citrate
buffer (pH 4.5).

3. Diabetic AD-MSCs treated group: Injected intravenously with
a single dose of AD-MSCs (1x106 cell/rat), following diabetes
induction confirmation.

4. Diabetic BM-MSCs treated group: Injected intravenously with
single dose of BM-MSCs (1x106 cell/rat), following diabetes
induction confirmation.
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2.8. Sample’s collection

After 4 weeks experimentation period, overnight fasted rats
were anesthetized using diethyl ether before being dissected and
blood samples were immediately withdrawn directly from the
heart. For HbA1c assessment, a few droplets of blood samples were
placed in clean heparinized tubes. On the other hand, the remain-
ing of blood samples were collected in clean non-heparinized cen-
trifuge tubes, then let to stand for 15 min, and centrifuged for
15 min at 3000 rpm. Finally, blood sera were carefully separated,
labeled and kept at �20 �C for subsequent biochemical analysis.

2.9. Statistical analysis

Obtained data were statistically evaluated with ANOVA fol-
lowed by Post-Hoc Tukey multiple range tests using Statistical
Package for the Social Sciences (SPSS/17.5 software version) for
Windows. All the results were expressed as the mean ± SEM for
6 animals in each group. Statistical significance was set at P � 0.05.
3. Results

Figure 1A and 1B showed characterization of BM-MSCs and
AD-MSCs through analyzing a panel of surface markers by flow
cytometry. BM-MSCs and AD MSCs were prepared from freshly
harvested bone marrow and adipose tissues of a male Wistar rat.
The expressions of CD11b, CD34, CD45, CD73, CD90, and CD105
were measured according to fluorescence intensity over respective
isotype and unstained negative control Ig in (A) BM-MSCs and (B)
AD-MSCs. Both MSCs types were positive for CD73, CD90, and
CD105, while were negative for CD11b, CD34 and CD45; with vari-
able degrees. Such results confirm both BM-MSCs and AD-MSCs
identity after their extraction. Table 1 showed a marked serum glu-
cose, HbA1c and AGEs elevation coupled with a significant insulin,
C-peptide and HO-1 levels decline in diabetic group; compared to
control. Regarding diabetic rats, all measured parameters in both
MSCs-treated groups revealed an obvious enhancement. However,
data of diabetic rats injected with AD-MSCs detected a marked
hypoglycemic superiority when compared to those of BM-MSCs.

Illustrated data in Table 2 highlighted a marked rise in all lipid
fractions; except for a significant HDL-C decline in diabetic rats;
comparable to control rats. However, both treated diabetic groups
showed a marked improvement in all lipid parameters; regarding
the diabetic group. Notably, diabetic rats injected with AD-MSCs
recorded a great amelioration in all tested parameters; comparing
to BM-MSCs treated rats.

Table 3 results demonstrated a significant elevation in kidney
function markers of diabetic rats when compared to normal rats.
Meanwhile, marked decreases were detected in all tested parame-
ters in both MSCs-diabetic treated rats; in comparison with the
diabetic untreated rats. However, values of tested parameters were
still significantly higher; in case of BM-MSCs treated group; in
regard to control. Interestingly, all kidney function markers exhib-
ited a marked amelioration in AD-MSCs-treated diabetic rats com-
paring to the treatment with BM-MSCs.

Data revealed in Table 4 showed significant increases in all
tested liver function markers, accompanied by a marked decline
in globulins, albumin and total proteins levels in diabetic untreated
rats; in regard to control group. All tested parameters were signif-
icantly improved in both MSCs treated groups, when compared to
the diabetic group. AD-MSCs group data were reverted back to near
normal levels when compared to control group. However, BM-
MSCs group data still significantly different, comparing to control
group. Surprisingly, treatment of diabetic rats with AD-MSCs
exhibited an obvious enhancement over the BM-MSCs treatment.



Table 1
Serum glucose, insulin, C-peptide, HbA1c, AGEs and HO-1 levels.

Control Diabetic (D) D + AD-MSCs D + BM-MSCs

Glucose(mg/ 100 ml) 93.91 ± 4.42 405.40 ± 16.46 a 96.75 ± 5.70b 150.50 ± 5.22abc

Insulin (m I U/ml) 17.15 ± 0.66 8.02 ± 0.33a 16.90 ± 0.34b 13.32 ± 0.57abc

C-peptide (ng/ml) 0.84 ± 0.03 0.30 ± 0.03a 0.81 ± 0.01b 0.75 ± 0.02abc

HbA1c (%) 2.95 ± 0.11 5.90 ± 0.20a 2.93 ± 0.14b 3.49 ± 0.10abc

AGEs (AU/mg protein) 2.80 ± 0.11 8.46 ± 0.35a 3.00 ± 0.16b 4.12 ± 0.12abc

HO-1 (P mol/mg) 260.00 ± 13.53 87.00 ± 3.60 a 264.66 ± 8.12b 218.00 ± 9.04abc

Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P � 0.05) comparing to control, diabetic and diabetic AD-MSCs treated groups respectively.

Table 2
Serum TL, TG, TC, LDL-C and HDL-C levels.

Control Diabetic (D) D + AD-MSCs D + BM-MSCs

TL (mg/dl) 290.80 ± 10.33 533.00 ± 29.04a 295.00 ± 16.07b 325.60 ± 15.58abc

TG (mg/dl) 56.10 ± 3.30 122.00 ± 8.00 a 58.25 ± 3.27b 65.00 ± 4.22abc

TC (mg/dl) 76.00 ± 3.16 160.20 ± 7.44a 84.00 ± 4.22b 89.30 ± 4.46abc

LDL-C (mg/dl) 105.34 ± 0.23 166.65 ± 0.54a 109.68 ± 072b 120.44 ± 1.07abc

HDL-C (mg/dl) 41.50 ± 2.07 18.66 ± 0.96 a 40.33 ± 1.78b 36.40 ± 1.82 abc

Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P � 0.05) comparing to control, diabetic and diabetic AD-MSCs treated groups respectively.

Fig. 1A. BM-MSCs positive surface markers (CD 73: 94.4 %, CD 90: 99.3 %, CD 105: 96.2 %) and BM-MSCs negative surface markers (CD 11b: 2.5 %, CD 34: 3.7 %, CD 45: 5.4
%).

Fig. 1B. AD-MSCs positive surface markers (CD 73: 95.1 %, CD 90: 97.0 %, CD 105: 95.2 %) and AD-MSCs negative surface markers (CD 11b: 2.1 %, CD 34: 2.0 %, CD 45: 4.8 %).
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Table 3
Serum creatinine, urea and uric acid levels.

Control Diabetic (D) D + AD-MSCs D + BM-MSCs

Creatinine (mg/dl) 0.44 ± 0.03 1.62 ± 0.06a 0.45 ± 0.02b 0.69 ± 0.03abc

Urea (mg/dl) 20.43 ± 1.34 78.23 ± 4.56a 22.00 ± 2.87b 35.22 ± 2.98abc

Uricacid (mg/dl) 1.43 ± 0.05 3.22 ± 0.34a 1.46 ± 0.02b 1.88 ± 0.04abc

Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P � 0.05) comparing to control, diabetic and diabetic AD-MSCs treated groups respectively.

Table 4
Serum AST, ALT, ALP, c-GT, total bilirubin, total proteins, albumin and globulins levels.

Control Diabetic (D) D + AD-MSCs D + BM-MSCs

AST (u/l) 56.60 ± 3.25 115.50 ± 5.38a 61.20 ± 3.57b 77.23 ± 4.22abc

ALT (u/l) 30.00 ± 2.75 69.83 ± 4.72a 31.75 ± 2.53b 45.70 ± 3.21abc

ALP (u/l) 230.50 ± 12.45 423.00 ± 34.76a 233.20 ± 11.3b 298.46 ± 12.73abc

c-GT (u/l) 30.00 ± 1.40 82.47 ± 4.65a 32.00 ± 2.08b 47.82 ± 3.02abc

Bilirubin (mg/dl) 0.58 ± 0.02 2.12 ± 0.15a 0.60 ± 0.03b 0.77 ± 0.03 abc

Total proteins (g/dl) 7.30 ± 0.32 3.50 ± 0.08a 7.27 ± 0.34b 5.67 ± 0.26 abc

Albumin (g/dl) 4.31 ± 0.19 2.11 ± 0.07a 4.24 ± 0.15b 3.31 ± 0.24abc

Globulins (g/dl) 2.90 ± 0.16 1.34 ± 0.07a 2.82 ± 0.22b 2.20 ± 0.16 abc

Values expressed as mean ± SEM (n = 6). a, b and c are Significant differences (P � 0.05) comparing to control, diabetic and diabetic AD-MSCs treated groups respectively.
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4. Discussion

Mounting evidence suggests that innovative MSCs therapies
appear to show promise in regenerative medicine research.
Although emerging data from animal studies have demonstrated
that injection of MSCs reduces blood glucose levels and restores
lipid metabolic balance, the features of MSCs derived from differ-
ent sources vary greatly. The therapeutic efficacy of MSCs is highly
linked to their physiological state, dose, and tissues from where
they are derived from. Compared to BM-MSCs, AD-MSCs have
become popular for therapy because of the ease of acquisition, high
proliferative capacity, low immunogenicity, and high levels of mul-
tipotency (Ma et al., 2021). However, the molecular mechanism by
which MSCs participate in the treatment of diabetes remains
unclear. The possible mechanisms include promoting islet cell
regeneration, reducing insulin resistance in peripheral tissues,
increasing insulin sensitivity, regulating the immune system, pro-
tecting islet b-cells, and improving diabetic complications (Ma
et al., 2021; Xue et al., 2021). Stem cells were suggested to exert
a therapeutic effect mainly by replacing damaged tissues and para-
crine pathways. The effects were initially attributed to MSCs
implanting damaged tissue, differentiating, and replacing damaged
cells. The subsequent evidence suggests that MSCs also act through
the secretion of a broad repertoire of bioactive paracrine growth
factors, chemokines, cytokines that could transmit chemical sig-
nals between cells, and/or release of microvesicles with paracrine
action which could deliver biomolecules with immunomodulatory
and pro-regenerative properties to neighboring cell (Birtwistle
et al., 2021; Lin et al., 2021; Xue et al., 2021).
4.1. Carbohydrate and glycemic control

Herein, the increase in fasting blood glucose (FBG) in diabetic
rats is well expected and agrees with earlier reports cleared that
diabetic subjects often exhibited huge serum glucose, AGEs and
HbA1c levels, coupled with a marked HO-1, C-peptide, and insulin
levels decline compared to the control subjects (Amer et al., 2018;
Samaha et al., 2020). Regarding diabetes treatment with MSCs, our
results suggested the huge elevation in the level of serum C-
peptide in both MSCs injected groups markedly resulted in an
obvious rise in the endogenous insulin secretion that could greatly
minimize the need for exogenous insulin injection; which clearly
points out their efficacy as a DM therapeutic adjunct. Consistent
with our data, (Burt et al., 2002) reported that AD-MSCs were
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found to be not only an IPCs donor source but also greatly sup-
ported the resident pancreatic islets as well as local BM-MSCs do.
In (Thakkar et al., 2015) study, after two years of injecting IPCs
derived from AD-MSCs into 20 patients with T1DM, patients exhib-
ited a significant exogenous insulin requirement decrease, elevated
serum C-peptide levels, and decreased HbA1c levels. In this line,
(Kono et al., 2014) injected human AD-MSCs in STZ-diabetic mice
and reported a marked hypoglycemia coupled with a significant
elevation in serum insulin and enhanced glucose tolerance which
have been attributed to the capability of AD-MSCs to release
numerous cytokines contribute to both b-cell death prevention
and b-cell proliferation. (Bassi et al., 2012) also noted improved
hyperglycemia in diabetic mice administrated allogeneic AD-
MSCs via triggering the expansion of the T-regs cells and attenuat-
ing the Th1-related immune response. Moreover, (Amer et al.,
2018) found that STZ-diabetic rats received IPCs differentiated
from AD-MSCs; showed an apparent islet cells proliferation and
regeneration that leads to a marked C-peptide increase accompa-
nied with insulin secretion elevation; in glucose-dependent man-
ner. On the other hand, owing to their ability to stimulate the
damaged pancreatic b-cells proliferation and regeneration. BM-
MSCs therapeutic effects on diabetes have been also confirmed
by many reports. (El-Kholy et al., 2018) revealed a marked serum
HO-1, C-peptide and insulin levels elevation in contrast to signifi-
cant glucose, HbA1c and AGEs serum levels decline; in STZ-diabetic
rats. According to (Thakkar et al., 2017), the BM-MSCs hypo-
glycemic therapeutic potential could be attributed to their (i)
direct effect of IPCs differentiation and their intrinsic b-cell regen-
erative capacity, insulin secretion, and maintenance of the b-cell
mass remnant; with (ii) the immunomodulators secretion indirect
effect; resulting in a significant autoimmune b-cells damage arrest
that induced by T-cells. (Zang et al., 2017) also reported that BM-
MSCs showed a powerful glycemic control indicated by the 50%
decline in insulin requirements; through restoring islet function,
endogenous islet cells protection, induction of islet cell regenera-
tion and differentiation into IPCs; followed by marked restoration
of b-cell mass and significant hypoglycemia; in STZ-diabetic mice.
Similar results were recently reported by many other studies (Lin
et al., 2021; Ma et al., 2021; Xue et al., 2021).
4.2. Lipid profile

A proportional link between impaired glycemic regulation and
dyslipidemia progression was greatly confirmed by many scien-
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tists (Kubota et al., 2020; Yang et al., 2020). Consistent with our
data, (Antony et al., 2017) and (Lin et al., 2017) found dramatically
lipoprotein disturbance in STZ diabetic rats; as a result of the sig-
nificant serum TL, TG, TC, LDL-C and VLDL-C levels increase with
HDL-C decrease. Once accumulated in tissues, lipids can generate
species that will lead to increased inflammation and oxidative
stress inducing the progression of many diabetic complications
(Carlier et al., 2020). The hyperlipidemic effect of STZ was indicated
by the increase of serum lipid levels in addition to the histology of
liver tissue which displayed the presence of lipid accumulation in
hepatocytes of diabetic rats compared with the control group
(Kilari et al., 2021). However, in harmony with our results, (El-
Kholy et al., 2018) reported marked amelioration in the lipid profile
markers in BM-MSCs-treated diabetic rats; compared to the dia-
betic untreated rats. Meanwhile, excessive lipid accumulation pre-
vention was noticed in STZ-diabetic mice; following 8 weeks of
BM-MSCs injection (Nagaishi et al., 2014). According to (Gao
et al., 2014), MSCs could alleviate the abnormal function of diabetic
adipocytes, through both PI3K/AKT insulin signaling pathway and
GLUT4 expression up-regulation; accompanied by an elevated
release of MSCs insulin-like growth factor-1 (IGF-1). Also, in accor-
dance with our results, AD-MSCs administration to diabetic ani-
mals significantly improved the lipid profile as shown by the
significant decrease in TGs, TC, LDL-C, while a significant increase
in HDL-C, compared to the diabetic untreated mice (Xue et al.,
2021) as well as the diabetic untreated rats (Liao et al., 2017).
Recently, (Ma et al., 2021) found that AD-MSCs could reduce lipid
deposition in the liver of type II diabetic mice, as evidenced by
markedly decreased hepatic levels of TL, TC, TG, and LDL-C com-
pared to diabetic untreated mice. Taken together, the hypolipi-
demic activity of MSCs in DM was clearly confirmed; suggested
they usage in atherosclerosis diseases treatment.
4.3. Kidney functions

Since many renal cell types are insulin-sensitive, too high blood
glucose levels can cause diabetic nephropathy (DN), a major long-
term complication, resulting in severe kidney dysfunction (Rogal
et al., 2019). Similar to our findings, (El-Kholy et al., 2018) and
(Kodidela et al., 2020) found dramatic glucose and ROS elevation,
resulting in serious kidney damage; confirmed via the marked
increase in serum kidney function markers (creatinine, uric acid,
and urea) levels, in diabetic rats with respect to the control. On
the other hand, based on their confirmed therapeutic role in regen-
erative medicine, MSCs have been suggested as a prominent
promising tool to enhance and arrest DN development and pro-
gression. Many previous reports highlighted the positive BM-
MSCs therapy role in initiating a significant renal function recovery
in diabetic rats with DN; as indicated by the marked decline in
serum uric acid, urea, and creatinine levels compared to the
untreated rats (El-Kholy et al., 2018; Hamza et al., 2017). However,
the exact mechanisms of nephroprotection of MSCs remain unclear
at present. To date, several potential mechanisms have been pro-
posed. MSCs therapeutic potential involves mainly a paracrine
mechanism based on modulation of the immune response, extra-
cellular vesicles and trophic factors release, exertion of anti-
fibrotic effects, and renal tissue repair (Li et al., 2018a,b). Interest-
ingly, MSCs infusion at the early stages of DN was found to induce
marked renal cytokine and macrophage infiltration suppression,
nephrocyte apoptosis inhibition, and renal impairment attenuation
in diabetic rats; preventing glomerular defects and kidney dys-
function (Sun et al., 2018). Additionally, immunoregulation is one
important aspect, encompassing anti-inflammatory, antiapoptotic,
and antioxidant action (Lin et al., 2021). Overall, the role of MSCs in
the treatment of DN is highly prospective.
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4.4. Liver functions

This study results strongly supported the confident relation-
ships between diabetes and liver damage which has previously
been established by many studies, in addition to confirming the
ameliorating effect of both AD-MSCs and BM-MSCs on restoring
the normal hepatic functions. Likely, BM-MSCs therapy could
enhance the endogenous hepatocyte regenerative processes;
owing to their characteristic self-renewal and differentiation
potential capabilities; that could ameliorate liver function in
advanced chronic liver disease (Kumar et al., 2011). In accordance
with our results, (El-Kholy et al., 2018) highlighted BM-MSCs pro-
tective ability on both hepatocytes structure and function in STZ-
diabetic rats; indicated via the marked amelioration in the serum
total bilirubin, c-GT, ALP, ALT and levels. In this regard, MSCs injec-
tion was found to improve liver function in a mouse model of hep-
atic failure (Lee et al., 2018). Moreover, (Liao et al., 2017) found
that AD-MSCs transplantation was able to alleviate hyperglycemia
and insulin resistance of type II diabetic rats, besides protecting
against the pathogenic changes of liver fibrosis and recovering
the injured liver function; as evidenced through reduced serum
levels of AST, ALT, ALP, and TB compared with those in the diabetic
untreated group; suggesting that AD-MSCs transplantation may be
an effective therapeutic approach for T2DM patients with liver
fibrosis. Also, (Ma et al., 2021) reported that AD-MSCs treatment
significantly ameliorated hepatic functions in type II diabetic mice,
as evidenced by markedly decreased serum levels of ALT and AST
and dramatic reduced histological lesion of liver tissue compared
to diabetic untreated mice. Indeed, MSCs could release paracrine
factors needed for modulation of the immune response, cell prolif-
eration stimulation, functional liver restoration, and attenuation of
cell death mechanisms; which are collectively induced and support
the MSCs hepatocyte differentiation potential (Wang et al., 2017a,
b). Thus, we can assume that the MSCs administration has a great
hepato-protective role in DM which could enhance liver function
and restoration of appropriate protein metabolism balance.
5. Conclusion

Recent breakthroughs in deriving glucose-responsive b-like
cells from MSCs have provided encouragement for b cell replace-
ment therapy. This study explored the potential of both AD-MSCs
and BM-MSCs for the treatment of T1DM. Under the same experi-
mental criteria, we found that AD-MSCs had a stronger ability over
BM-MSCs to alleviate hyperglycemia, insulin deficiency, and dys-
lipidemia besides restoring normal renal and hepatic functions.
Hence, we could suggest AD-MSCs, in particular, offer an ideal
alternative for b-cells transplantation that might aid in the reversal
of T1DM hazards.
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