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Abstract

Background Diabetic retinopathy is a common complica-
tion of diabetes, which is caused by injury to retinal
microvasculature and neurons. Mesenchymal stem cells
(MSCs), which proved to have multi-linkage differentiation
capacity, including endothelial cells and neurons, might be
a promising cell therapy resource. The current pilot study
was performed using the streptozotocin (STZ) rat model of
diabetic retinopathy injected intravenously with human
adipose-derived mesenchymal stem cells (AMSCs) in an
effort to investigate the potency and possible therapeutic
effects of AMSCs.

Methods Four experimental groups of Wistar rats were
included in the current study: an untreated control group of
STZ diabetic rats (n=10), a normal non-diabetic control
group (n=20), an AMSC therapy group of STZ diabetic
rats (n=50), and a sham group of STZ diabetic rats (n=50).
Blood glucose levels were monitored closely. Immunoflu-
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orescence was used to study AMSC distribution and
differentiation. The integrity of the blood-retinal barrier
(BRB) was evaluated by Evans blue dye infusion to
evaluate the therapeutic effects.

Results After 1 week of transplantation, a significant
reduction in blood glucose levels was observed in the
AMSC therapy group relative to the sham group. BRB
integrity was also improved, as less Evans blue dye leakage
was observed. Donor cells were observed in the retinas of
therapy group rats, and they expressed rhodopsin and glial
fibrillary acidic protein (GFAP), specific markers for
photoreceptors and astrocytes, respectively.

Conclusions Taken together, the results of the current study
suggest that AMSCs may improve the integrity of the BRB
in diabetic rats by differentiation into photoreceptor and
glial-like cells in the retina and by reducing the blood
glucose levels. Furthermore, the data presented herein
provide evidence that AMSCs may serve as a promising
therapeutic approach for diabetic retinopathy.
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Introduction

Diabetic retinopathy (DR) is the most common microvascular
complication of diabetes, and it remains one of the leading
causes of blindness worldwide. During the first two decades of
disease, nearly all patients with type 1 diabetes and over 60%
of patients with type 2 diabetes develop DR. In the Wisconsin
Epidemiologic Study of Diabetic Retinopathy (WESDR),
3.6% of younger-onset patients (type 1 diabetes) and 1.6% of
older-onset patients (type 2 diabetes) were blind [1].
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The management of DR includes glucose regulation,
blood pressure and lipid control, laser coagulation, and
vitrectomy. When vitrectomy is necessary, however, suc-
cessful outcomes are often limited by the severity of the
disease and related complications [2]. New pharmacologi-
cal therapies have been developed that target the underlying
biochemical mechanisms responsible for DR-associated
protein kinase C (PKC) activation, oxidative stress, angio-
genesis, and the glycation and sorbitol pathway [3-5].
However, most of the previously described therapies
destroy neovasculature or prevent neovascularization, but
fail to eliminate pathogenic factors.

It is well known that DR is not only a microvascular
disease but also a neurodegenerative disease [6]. The
diabetes-associated pathological changes made to glial cells
and retinal neurons occur earlier than the effects on
endothelial cells. It is possible that an early injury to
vascular endothelial cells could affect neuronal, microglial,
or macroglial cells and their normal interactions. Alterna-
tively, it is plausible that a metabolic insult may target
neural cell function, which could in turn impair blood-
retinal barrier (BRB) integrity [7].

During recent years, many studies have shown that
mesenchymal stem cells (MSCs) possess extensive differ-
entiating potentials, may contribute to the repair of different
organs and tissues, and may also provide an option to
retinal injury and diseases repairing. Bone marrow-derived
mesenchymal stem cells (BMSCs) have been well studied
in the context of retinal diseases. In contrast to BM-MSC,
MSC isolated from waste human adipose tissue is easily
accessed, cause less tissue damage, and therefore may be a
more convenient, safer source. Furthermore, human
adipose-derived mesenchymal stem cells (AMSCs) have
been reported to differentiate into endothelial cells and
neurons in vivo [8, 9], and our lab has demonstrated that
AMSCs can differentiate into endothelial cells, photorecep-
tor cells, and astrocytes in a rat model of retinitis
pigmentosa (RP) (our unpublished results). In order to
determine whether AMSCs could be used to ameliorate the
integrity of the BRB in a diabetic model, in this study, we
worked on the differentiation of AMSCs in the retina of
streptozotocin (STZ) induced type 1 diabetic rats, and
investigated the effects of transplanted AMSCs on BRB
integrity.

Materials and methods

Isolation and cultivation of human adipose-derived
mesenchymal stem cells

Human adipose tissue was obtained from patients under-
going tumescent liposuction according to procedures
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approved by the Ethics Committee of the Chinese Academy
of Medical Sciences and Peking Union Medical College.
The adipose tissue was washed with HBSS (approximately
3 ml/g), resuspended in 0.075% type IA collagenase
(Sigma)/HBSS (approximately 2 ml/g), and incubated at
37°C for 1 h. The digested adipose tissue was passed
through a 100-um filter to remove debris and centrifuged at
160 x g for 10 min to obtain a cell pellet. The pellet was
resuspended and washed twice with HBSS.

After isolation, 30 ml of resuspended cells were plated in
expansion medium at a density of 5x10° nucleated cells/
100 mm tissue culture dish and incubated at 37°C in a
humidified environment containing 5% CO,. The expan-
sion medium contained 58% DF-12 medium (Dulbecco’s
modified Eagle's medium/Ham’s F-12 medium, Gibco),
40% MCDB (medium complete with trace elements-201,
Sigma), 2% FCS (Gibco), 1% insulin-transferrin-selenium
(ITS, Gibco), 1x10 mol/l dexamethasone (Sigma), 1x
10" mol/l ascorbic acid 2-phosphate (Sigma), 20 ng/ml
interleukin-6, 10 ng/ml EGF, 10 ng/ml PDGF-BB (Sigma),
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco).
The third passage of human adipose-derived MSCs
(AMSCs) was used for intravenous injections. The AMSCs
were immunopositive for CD29, CD44, CD105, Flk-1, and
immunonegative for CD31, CD34, CD45, and HLA-DR, as
described previously [8].

Animals and transplantation

Principles of laboratory animal care were followed according
to the OPRR Public Health Service Policy on the Humane
Care and Use of Laboratory Animals and the U.S. Animal
Welfare Act, as amended. Male Wistar rats weighing
between 180 and 200 g were subjected to fasting conditions
for a 24-h period, and were then rendered diabetic with a
single intraperitoneal injection of STZ (60 mg/kg, Sigma)
freshly dissolved in citrate buffer (pH 4.5). Diabetes
development (as defined by blood glucose levels greater
than 250 mg/dl) was verified 1 week after the STZ injection.
Rats were housed in the PUMCH animal facility with a
12-h light/dark cycle and allowed free access to food and
water. Fasting blood glucose levels were tested using a blood
glucose meter (Roche) at 1, 2, 3, and 4 weeks after AMSC
transplantation.

At 12 weeks after STZ injection, qualified diabetic rats
were selected and randomly divided into two groups: a
therapy group (n=50) and a sham group (n=50), which
were injected intravenously through the caudal vein with
0.5 ml AMSCs (1x107 cells/ml) and 0.5 ml HBSS,
respectively, using a 1 ml syringe. Control groups included
untreated STZ diabetic rats (n=10) and normal non-diabetic
rats (n=20). Five rats in the latter group were also treated
with AMSCs following the same procedure, to show the
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difference of AMSC distribution between the diabetic and
normal organs.

Immunohistochemical studies

Five rats from each group were killed at the following time
points: immediately following the transplantation (as
baseline), and at 1, 2, 3, and 4 weeks post-transplantation.
Both eyes were enucleated for histological and immuno-
histochemical examination. After transcardial perfusion
with 4% paraformaldehyde in 0.1 M phosphate buffer, the
eyes were embedded in paraffin and 5-um serial sections
were prepared. The specimens were deparaffinized in
xylene, dehydrated in graded alcohols, rinsed with
phosphate-buffered saline (PBS, pH 7.4), and incubated
with 10 mM citrate buffer (pH 6.0) at 110°C for four
consecutive 5-min incubations, which were supplemented
with water between incubations. After washing with PBS,
the specimens were blocked for 1 h at room temperature in
PBS containing 1% bovine serum albumin (BSA), 0.1%
Triton X-100, and 3% normal goat serum (NGS). Subse-
quently, sections were incubated for 1 h at room temper-
ature with mouse anti-human nuclei antibody (1:25,
Chemicon), followed by FITC-conjugated goat anti-mouse
antibody (1:100, Invitrogen). After washing with PBS, the
sections were incubated with mouse anti-rhodopsin anti-
body (1:100, Chemicon) or mouse anti-glial fibrillary acidic
protein (GFAP) antibody (1:100, AbCam) for 1 h at room
temperature, followed by a 30-min incubation with
rhodamine-conjugated goat anti-mouse antibody. Finally,
after washing with PBS, the sections were counterstained
with Hoechst 33342 (Sigma) for 1 min [10].

Fig. 1 Blood glucose levels in
rats from the therapy, sham, and
untreated diabetic control
groups. Blood glucose levels
decreased over time only in the
therapy group (*Significantly 30
greater than control, p<0.05.

**Highly significantly greater

than control, p<0.01.). There e
was no significant difference
between the sham group and
untreated diabetic control
groups during the 4 weeks
(p>0.05)
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BRB breakdown study

1. Preparation of standard curve of Evans blue dye in
formamide

Evans blue dye (Sigma) was dissolved in normal saline
(30 mg/ml), sonicated for 5 min in an ultrasonic cleaner,
and filtered through a 5-um filter (Millipore). Diabetic rats
were anesthetized with phenobarbital (Sigma, 30 mg/kg),
and additional anesthesia was provided throughout the
procedures as needed. The right jugular vein and left
carotid artery were cannulated with 0.28-and 0.58-mm
internal diameter polyethylene tubing (Becton Dickinson),
respectively, and filled with heparinized saline (400 units
heparin/ml saline). The dissolved Evans blue dye was
injected through the jugular vein over 10 s at a dosage of
60 mg/kg. Immediately after the Evans blue dye infusion,
the rats turned visibly blue, confirming their uptake and
distribution of the dye. Two minutes after the injection,
0.2 ml of blood was drawn from the carotid artery to obtain
the initial plasma concentration of Evans blue dye plasma.
At subsequent 20-min intervals, 0.1 ml blood was drawn
from the carotid artery up to 2 h after the Evans blue dye
injection to obtain the time-averaged Evans blue dye
plasma concentrations. At exactly 2 h post-infusion,
0.2 ml blood was drawn from the left ventricle to obtain
the final Evans blue dye plasma concentration. The blood
samples were centrifuged at 16,000 x g for 15 min and
diluted to 1:1,000 of their initial concentration in formam-
ide. The absorbance was then measured with an ELISA/
EIA clinical photometer (Biotech, USA) at 620 nm, which
is the absorption maximum for Evans blue dye in
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Fig. 2 BRB values in therapy,
sham, and normal non-diabetic
rat groups. There was a statisti-
cally significant difference
between the normal non-diabetic
control group and the therapy/
sham group at baseline. The
integrity of the BRB improved
in the therapy group beginning
in the first week and continuing
through the fourth week
(*significantly greater than
control, p<0.05. **Highly
significantly greater than
control, p<0.01)
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formamide. The concentration of the dye in the plasma was
calculated based on a standard curve of Evans blue dye in
formamide. Results are expressed as micrograms of Evans
blue dye per microliter of plasma [11].

2. Measurement of BRB breakdown in diabetic rats with
or without AMSC therapy

At 12 weeks after STZ-induced diabetes, AMSCs were
injected into the rats from both the therapy group and the
sham group. Five rats from the untreated non-diabetic
control group (fed in the same manner as the STZ rats)
were also enrolled as baseline. At each time point of 1, 2, 3,
and 4 weeks post-transfusion, five rats from each group
were evaluated for BRB breakdown. After the rats were
anesthetized with generalized anesthesia, Evans blue dye
(60 mg/kg) was injected and initial, time-averaged, and
final (/=120 min blood samples were collected using the
procedures outlined above. After the dye had circulated for
2 h, the chest cavity was opened and the rats were perfused
via the left ventricle with citrate-buffered paraformaldehyde
(1% wt/vol, pH 3.5, 37°C, Sigma). The perfusion lasted
2 min at a physiological pressure of 120 mmHg (the height
of the apparatus was adjusted to allow an approximate flow
rate of 66 ml/min before the catheter was inserted and
perfusion initiated). A pH of 3.5 was used to optimize
Evans blue dye binding to albumin, and the perfusion
solution was warmed to 37°C to prevent vasoconstriction.
Immediately after perfusion, both eyes were enucleated
and bisected at the equator. The retinas were then
carefully dissected under an operating microscope. After
measuring the retinal dry weight, the Evans blue dye was
extracted by incubating each retina in 0.3 ml formamide
for 18 h at 70°C. The extract was ultracentrifuged
(Eppendorf, Germany) at a speed of 500,000 x g for
45 min at 4°C to precipitate any proteins. Sixty microliters
of the supernatant was used to determine the absorbance at
620 nm. The concentration of Evans blue dye in the
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extracts was calculated based on a standard curve of Evans
blue dye in formamide. BRB breakdown was calculated
using the following equation, and the results are expressed
as ul plasma x g retinal dry wt "“h™":

3. Preparation of Evans blue dye standard curve

Evans blue dye standards dissolved in formamide main-
tained a reliable linear relationship between background-
subtracted absorbances (620-720 nm) at concentrations
ranging from 107 to 10 ?mg/ml (r=0.998) Standards run
on different days (circles versus triangles) were virtually
identical (r=0.997).

Statistical analyses

Data and statistical analyses were performed using SPSS
14.0 software. Data are presented as mean + SD. Pairwise
comparisons between groups were made using independent
nonparametric tests. For all statistical tests, p<0.05 was
considered statistically significant.

Fig. 3 AMSC distribution and differentiation in the retina. a—¢ HuNu p>
staining at 1 week post-transplantation. a Therapy group: a large
number of labeled AMSCs could be identified in the ONL, and fewer
labeled AMSC cells were found in the INL and GCL. b Sham group:
no AMSCs could be found in the retina. ¢ Normal non-diabetic rats
injected with AMSCs: only a small number of AMSCs could be
identified in the ONL. d—f Therapy group with HuNu, Hoechst, and
rhodopsin staining at 1 week post-transplantation. AMSCs were
positive for HuNu and rhodopsin, indicating differentiation to rod
cells (inset, higher magnification view). g—i Therapy group with
HuNu, Hoechst, and GFAP staining at 1 week post-transplantation.
AMSCs were positive for HuNu and GFAP, indicating differentiation
to astrocytes (arrow). j-1 Therapy group with HuNu staining at 1, 2,
and 4 weeks post-transplantation. At later time points, the number of
AMSCs in the ONL decreased, while the differentiated AMSCs
appeared to show a more organized arrangement. Scale bar 50 pm
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Results
Induction of diabetes

To induce diabetes in Wistar rats, intraperitoneal STZ
(60 mg/kg) was administered. Most rats developed cataracts
after 12 weeks, and the retina could not be examined.

Evaluation of transplantation effects
Blood glucose levels

Blood glucose levels were tested every week after trans-
plantation. Both the untreated diabetic control group and
the sham group maintained blood glucose levels between
20 and 25 mmol/l throughout the entire 4 weeks after
transplantation. In contrast, the blood glucose levels in the
therapy group decreased over time, and significant differ-
ences were apparent between the therapy group and
untreated diabetic control/sham groups (Fig. 1, p<0.05,
p<0.01, p<0.01, p<0.01, at 1, 2, 3, and 4 weeks,
respectively). At 4 weeks, the blood glucose levels of the
therapy group were 55% lower than baseline; however, they
remained higher than the levels of non-diabetic rats.

BRB breakdown

At 12 weeks after diabetes induction, AMSCs were injected
intravenously to determine whether they could protect the
BRB [11]. When the BRB is impaired, more Evans blue
dye leaks out from the vasculature and remains in the
retina. Therefore, by comparing the concentration of Evans
blue dye in retinas from different groups with or without
therapy, BRB integrity could be evaluated quantitatively.

At baseline, the BRB breakdown values in the two
diabetic rat groups (therapy group and sham group) were
20.8+3.1 and 20.1+1.8 ml plasmax g retinal dry wt ' - h™",
respectively, which were significantly higher than that of
non-diabetic rats (7.0+£0.6 ml plasmax g retinal dry wt ' - h™",
p<0.01). Beginning at 1 week post-transplantation, BRB
breakdown values were significantly lower in the therapy
group relative to the sham group, and this difference was
maintained over the course of 4 weeks (Fig. 2). At 4 weeks,
BRB breakdown was nearly completely repaired in the
therapy group when compared to the normal non-diabetic
control group at baseline (p>0.05).

Distribution and differentiation of AMSC donor cells
in the retina

Retinal sections were examined to study the homing and

potency of donor AMSCs. At 1, 2, 3, and 4 weeks post-
transplantation, the animals were killed and the eyes were
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enucleated. Human AMSCs could be easily identified in the
retina based on positive staining with the anti-human nuclei
antibody (HuNu) (Fig. 3a), which demonstrated that the
intravenously administered stem cells could be targeted to
the impaired retinas. One week after transplantation, a high
number of AMSCs were identified in the outer nuclear
layer (ONL), and relatively fewer AMSCs were found in
the inner nuclear layer (INL) and ganglion cells layer
(GCL) (Fig. 3a). The retinal sections were then assayed
using double immunofluorescence staining for Rhodopsin
and GFAP to identify donor photoreceptor cells and
astrocytes. As shown in Fig. 3d-i, donor AMSCs were
capable of differentiating into both types of cells. Similar
observations were made during subsequent weeks, although
the number of AMSCs decreased and their arrangement
became more organized (Fig. 3j-1).

Discussion

DR involves the formation of microvascular lesions and
neural degeneration. Impairment of the BRB contributes to the
decrease in visual acuity during the early phase of DR and
during disease progression. In this study, we found that
transfusion of human AMSCs led to a decrease in blood
glucose levels in the STZ rat model, meanwhile engrafted
AMSCs homed to retina and differentiated into photoreceptor-
like cells and astrocytes-like cells induced by DR, and
ameliorated the integrity of the BRB.

Embryonic stem cells (ESCs) and somatic stem cells
(SSCs) had been studied widely, however, ethical issues
associated with ESCs have limited their use. Recently,
however, the FDA approved research using human ESCs
for patients with spinal injuries. SSC research has focused
primarily on the use of mesenchymal stem cells (MSCs).
MSCs, which are multipotent, low immunogenic cells, and
are easily obtainable from multiple tissues, have several
advantages over ESCs [12, 13]. Scientists have applied
MSC:s in studies of retinal diseases. For example, previous
studies demonstrated that MSCs could differentiate to
retinal cells and endothelial cells and rescue the photo-
receptors in the diseased retina [14-16]. However, the
harvesting procedure required to isolate BMSCs has limited
their clinical application to some extent. Relative to
BMSCs, AMSCs have the following advantages: (1) the
cells can be acquired by liposuction, which is more simple,
safe, and comfortable for the donors; (2) large numbers of
stem cells can be easily obtained without much culture and
enrichment, and the risk of contamination is lower; and (3)
they can differentiate into endothelial cells and neural cells
with nestin expression. In the current study, we used
intravenous injection of AMSCs as a stem cell therapy for
DR in STZ diabetic rats [8, 17, 18].
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In this study, intravenous administration of AMSCs was
chosen as the delivery method due to the risk of possible
endophthalmitis, retinal detachment, and hemorrhage asso-
ciated with repeated intravitreous injections. The inner
limiting membrane may also limit the distribution of stem
cells in the retina. Furthermore, based on the fact that
diabetes is a systemic disease, we hypothesized that
intravenous administration of AMSCs would be more
beneficial overall.

We found that blood glucose levels decreased in STZ
rats when AMSCs were injected intravenously, which is
consistent with the findings of Ezquer et al. [19]. Previous
studies have also demonstrated the capacity of transplanted
BMSCs to initiate endogenous pancreatic tissue regenera-
tion and to inhibit damage to regenerated islet cells [20-22].
A previous study demonstrated that induced AMSCs
expressed insulin, glucagon, and somatostatin [23], sug-
gesting that they may participate in the repair of damaged
pancreatic tissue and lower blood glucose levels. In this
study, engrafted AMSCs differentiated to form astrocytes
and photoreceptor-like cells in the STZ rat model of DR,
suggesting that AMSCs may target retinal lesions and
differentiate into retinal cells. We did not detect any sign of
AMSC differentiation into endothelial, while our lab has
demonstrated that AMSCs were capable of differentiating
into endothelial, photoreceptor, and retinal pigment epithe-
lial (RPE) cells in a rat model of RP (unpublished). It is
possible that endothelial differentiation could be detected
more easily using a flat-mount retina preparation; high
blood glucose levels might also affect the distribution and
differentiation of AMSCs.

The BRB is composed of retinal vasculature and RPE
cells. The inner barrier includes endothelial cells, the
basement membrane, and astrocytes, which play an
important role in DR. In the current study, BRB breakdown
was examined at 12 weeks after diabetes induction in STZ
rats, and BRB integrity improvement was found following
AMSC transplantation, although no donor-derived endo-
thelial cells were identified. There may be several reasons
for the lack of endothelial cells. Blood glucose is an
important factor in maintaining the intact BRB, and
decreased blood glucose levels might facilitate BRB
breakdown [24]. Retinal capillaries are surrounded by the
astrocytes in the retina, and Miiller cells also play an
important role in adjusting retinal blood flow and angio-
genesis. With their potential to differentiate into astrocytes,
AMSCs might provide improved support to capillaries’
integrity and reduce capillary leakage [25]. Notably, studies
of neurodegenerative disease have shown that some stem
cells have neurotrophic effects on the retina [26]. Based on
the observation that neural degeneration, which may occur
earlier than changes to microvascular [6], is an important
component of DR pathogenesis, it is possible that AMSCs

could play a similar role in diabetic animals. In order to test
this hypothesis, future studies should focus on systemic and
ocular changes in neurotrophic factors [4]. VEGF is a
potent cytokine that enhances vascular permeability, stim-
ulates endothelial cell proliferation and migration, and
promotes angiogenesis [27]. The levels of VEGF and its
receptors, which play a key role in the development of
pattern dystrophy of the retina (PDR) and macular edema,
are elevated in DR. Future studies should focus on the
influence of stem cells on VEGF, PEDF, and other
cytokines in DR. Additionally, follow-up studies that
include a control group of rats with controlled blood
glucose levels could help determine whether AMSC-
mediated effects on BRB integrity and blood glucose levels
are separable. By focusing on expressed cytokines, it may
be possible to gain insight into the molecular mechanisms
underlying AMSC function.

In summary, this study found that AMSCs homed to the
injured retina in STZ model and differentiated into photo-
receptors and astrocytes, and demonstrated the ability of
AMSCs to repair BRB breakdown in DR and to lower
blood glucose levels. Accordingly, administration of
AMSCs may become an effective part of the therapy for
DR patient.
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