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Abstract

Purpose—Determine the effects of glucose and exogenous TGF/2 on viability and VEGF
release by human retinal pericytes (HRP).

Methods—Human retinal pericytes (HRP) were cultured in 5 mM (physiologic) or high (18 mM)
glucose with or without added TGF/2. Viable cells were counted; TGFA2 and VEGF in the
conditioned media (CM) were measured by ELISA.

Results—High glucose significantly reduced viable cell number and increased the levels of
TGF/2 and VEGF. TGF/2 caused a significant dose-dependent effect on viable cell number and
on the level of VEGF secreted into the CM by HRP in physiologic glucose, decreasing viable cell
number, and increasing VEGF release per 1000 cells at a low concentration (0.1 ng/ml) and
increasing viable cell number and decreasing VEGF release per 1000 cells at higher
concentrations (1.0 and 10 ng/ml). TGF/2 affected neither parameter in high glucose.

Conclusions—Elevated glucose decreased HRP viability and modulated changes in TGFA2 and
VEGEF release. This suggests a novel mechanism for HRP dropout in diabetic retinopathy.
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INTRODUCTION

Diabetic retinopathy, the leading cause of blindness in Americans 20-74 years of age and
the leading cause of new cases of blindness,! is preceded by the selective loss of retinal
capillary pericytes? and is associated with increased levels of vascular endothelial growth
factor, VEGF,34 and transforming growth factor beta-2, TGF/2,%6 in the aqueous and
vitreous humors of affected eyes.

VEGF, a 45 kDa homodimeric glycoprotein with potent vascular permeability and
angiogenic effects,” has proven to be a major mediator of intraocular neovascularization and
is produced by many cell types within the eye, including retinal pigment epithelium (RPE)
cells, retinal capillary pericytes, endothelial cells, glial cells, Muller cells, and ganglion
cells.8-10

TGF/2 is a member of a large superfamily of growth factors whose receptors are found in
ocular tissues, including the cornea, ciliary epithelium, lens epithelium, retina, and blood
vessels;11 of the three TGFBisoforms, TGF/2 is the predominant isoform found in the
monkey eye.12 The in vitro biologic effects of TGFare diverse. Depending on cell type,
TGFf£ may stimulate or inhibit proliferation, block or affect entry into a differentiation
pathway, stimulate extracellular matrix formation, and promote or inhibit cell migration.
But, for most cell types, TGF/is known as a potent polypeptide growth inhibitor.13

There have been several studies suggesting that TGF/ can induce VEGF,14-19 but no studies
have reported on its effect in human retinal pericytes.

The aim of the study is to examine the effects of glucose on pericyte viability and their
VEGF and TGF/2 release, and to examine how glucose and TGF/2 affect VEGF release
and pericyte viability. To this end, we treated human retinal pericytes with several
concentrations of glucose and then quantified viable cell number and quantified their release
of VEGF and TGF/2. We then cultured the cells in a normal and high glucose level with
several concentrations of exogenously added TGF/2, and quantified the viable cell number
as well as their release of VEGF. Results of these studies provide important information on
possible factors affecting the development of diabetic retinopathy in humans.

MATERIALS AND METHODS

Cell Culture

Human retinal pericytes (HRP) were isolated, purified, and cultured from donor eyes at the
Medical University of South Carolina (MUSC) by Stephen Gee, using the standard method
of Gitlin and D'Amore.20 They were characterized by their immunoreactivity with
antibodies to alpha-smooth muscle actin (anti-aSMA)?! (Sigma F3777, St. Louis, MO) (Fig.
1). Frozen HRP, received at passage 6 from MUSC, were revived in a T-25 culture flask
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(BD Falcon 35-3109, Bedford, MA) containing Dulbecco's Modified Eagle's Medium
(DMEM) (Gibco 23800-022, Long Island, NY)/F12 (Gibco 21700-075), 5.5 mM glucose
(euglycemic), with 15% fetal bovine serum (FBS) (Gibco 26140-079), 200 pl/I antibiotic/
antimycotic (Gibco 15240-096), and HEPES buffer 10 ml/l (GibcoBRL 15630-80). The pH
was adjusted to 7.2, and cells were cultured at 37°C with 5% CO». Cells were grown to
confluence, a term used here to mean a degree of growth attained when a cell's processes
were in contact with the processes of its neighbors, roughly equivalent to a total cell density
of approximately 1.0-1.2 x 10° cells/ml. When the cells reached confluence, they were
trypsinized (Mediatech 025-050-CI, Herndon, VA) and reseeded into 24-well plates with
DMEM/F12, 5.5 mM glucose, 15% FBS, and incubated under standard conditions, i.e.,
37°C with 5% CO,. When these cells reached confluence, they were used in experiments.
For high glucose levels, we used 18, 33, and 40 mM levels representative of plasma glucose
found in diabetics and compared them to a physiologic level (5 mM).

Counting Cells and Assessing Viability

Pericyte number and viability were determined by counting trypsinized pericytes in a
hemacytometer using Trypan blue (Mediatech 25-900-Cl) to label the nonviable cells. This
was done by removing the spent media, rinsing each well twice with HBSS, and then adding
200 pl trypsin, which was allowed to react for 3 min at 37°C. The trypsin was neutralized by
the addition of 800 ul media and was mixed with a pipette to make a uniform suspension.
Two hundred microliters of this suspension were placed in a 0.5-ml Eppendorf with an equal
volume of Trypan blue and allowed to incubate for 1.5 min. Aliquots of 20 ul were counted
on the hemacytometer. A minimum of six aliquots from each well were counted. All cells,
both viable and nonviable, were counted. Nonviable cells were identified as cells that had
taken in any Trypan blue, while viable cells were identified by their exclusion of the blue
dye.

ELISA Assay of VEGF

The total amount of VEGF secreted by cultured human retinal pericytes was determined by
enzyme-linked immunosorbent assay (ELISA). First, confluent HRP at passage 8 were
seeded into 24-well plates (Costar 3521, Corning, NY), as described above, at 5.5 mM and
18 mM glucose in serum-free (SF) media or SF media with added TGF/2 purchased from
R&D Systems (Cat #302-B2, Minneapolis, MN). These cells were cultured under standard
conditions for 48 hr, at which time the conditioned media (CM) was collected and frozen at
4°C if assays were not done immediately. The cells in the wells were rinsed twice with 1-ml
aliquots of HBSS, trypsinized, and then counted. VEGF assays were performed using R&D
Quantikine VEGF ELISA kit (Cat #DVEOQ0) according to manufacturer's instructions, and
read at 450 nm by a Dynex Technologies plate-reader with Revelation software, A correction
at 540 nm. The concentration was determined by comparing the experimental absorbance
against an assay standard curve for VEGF, which ranged from 15.6 pg/ml to 1000 pg/ml, the
minimum detectable amount of VEGF typically being between 5.0-9.0 pg/ml. ELISA
results were given in pg/ml.
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ELISA Assay of TGFA2

The amount of TGF/2 in the CM was determined by ELISA assays. First, confluent HRP at
passage 8 were seeded into 24-well plates, as described above, 5.5 mM and 18 mM glucose,
in SF media or SF media with added TGF/2. These cells were cultured under standard
conditions for 48 hr, at which time the CM was collected and frozen at 4°C if assays were
not done immediately. Cells were rinsed twice with 1-ml aliquots of HBSS, trypsinized, and
then counted. The TGF/2 assays (R&D Quantikine TGF/A2 ELISA kit #DB250) were
performed according to manufacturer's instructions, and the absorbance read at 450 nm by a
Dynex Technologies plate-reader with Revelation software, A correction at 540 nm. The
concentration was determined by comparing the experimental absorbance against an assay
standard curve for TGF/2, which ranged from 31.2 pg/ml to 1000 pg/ml, the minimum
detectable amount of TGF/2 typically being less than 7.0 pg/ml. ELISA results were given
in pg/ml.

Statistical Methods

RESULTS

Statistical significance was calculated using Student's t-test with p < 0.05 and ANOVA with
a < 0.05. Each data point represents at least three samples.

Effects of High Glucose on Cultured Human Retinal Pericytes

To examine the effects of high glucose on HRP viability and their secretion of TGF/2 and
VEGF, confluent cells were treated for 5 days with SF media containing high glucose (18,
33, or 40 mM), with the media being changed after the third day. As shown in Figure 2A,
HRP exposed to hyperglycemic (18 mM) media for 5 days experienced a 32% reduction in
viable cell number as compared with euglycemic controls (p = 0.002). Cells exposed to
higher glucose (33 mM and=40 mM) showed a further decrease in viable cell number of
47% (p = 0.0001) and 64% (p = 3.84 x 107°), respectively. The release of TGF/32 per
population of viable cells was also affected by high glucose. Each 1000 viable cells exposed
to 18 mM glucose for 48 hr released 29% more TGF/2 (Fig. 2B) than in the euglycemic
condition (p = 0.024); each 1000 viable cells cultured in 33 mM glucose released 91% more
(p 0.001), and each 1000 viable cells cultured in 40 mM glucose released 169% more (p =
0.0004) TGF/2 than did cells in 5.5 mM glucose. Such increases in TGF/2 release were also
mirrored by similarly large increases in VEGF release per 1000 viable cells (Fig. 2C), i.e.,
61% (p = 0.01) in the 18 mM condition, 106% (p = 0.001) in the 33 mM condition, and
207% (p = 6.06 x 107°) in the 40 mM, compared to cells grown in 5.5 mM glucose. HRP
cultured in 40 mM mannitol as an osmotic control provided results similar to 5.5 mM
glucose (results not shown.)

Effect of Exogenous TGFSA2 on HRP Viability in Physiologic and High Glucose

To investigate the effects of elevated levels of TGF/2 on the viability of HRP both in
normal and high glucose conditions, the 18 mM glucose level was selected to represent the
high concentration. Confluent HRP were cultured in SF media containing normal or high
glucose concentrations, with added exogenous TGF/2 at concentrations of 0.1, 1.0, or 10
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ng/ml for 48 hr. Figure 3A shows the effects of TGF42 on HRP cultured in a normal glucose
concentration. In physiologic glucose, HRP treated with TGF/2 at 0.1 ng/ml experienced a
41% reduction in viable cell number, as compared to control (p = 0.0001). However, TGFA2
at both 1.0 and 10 ng/ml caused an increase in viable cell number, 58% and 39%,
respectively (p = 0.017, p < 0.0001). Treatment with exogenous TGF/2 at these levels also
caused HRPs to lose their stellate shape and to adopt a more rounded, compact morphology.

The effect of the combination of high glucose and exogenous TGF/2 on viable cell
population is shown in Figure 3B. When HRP were cultured in high glucose, the addition of
TGF/2 had no significant effect on cell number at any concentration tested (p = 0.966,
0.763, and 0.09 for 0.1, 1.0, and 10 ng/ml TGF/2, respectively).

Effect of Exogenous TGFB2 on VEGF Release by HRP in Physiologic and High Glucose

The influence of TGF/2 on VEGF release by HRP grown in normal and high glucose
concentrations was examined. HRP grown in euglycemic media with the addition of
exogenous TGF/A2 (Fig. 4A) responded to 0.1 ng/ml by increasing the release of VEGF by
78% per 1000 viable cells (p = 0.002). TGFA2 added at 1.0 and 10 ng/ml decreased VEGF
release per 1000 viable cells by 33% and 18%, respectively (p = 0.026, p = 0.042).

When TGF/2 was added to HRP grown in hyper-glycemic media, there was no significant
effect on VEGF release per cell population at any TGF/2 concentration tested (Fig. 4B) (p =
0.983, 0.171, and 0.897 for 0.1, 1.0, and 10 ng/ml TGF /2, respectively).

DISCUSSION

This is the first study to provide data describing the effects of elevated glucose and
exogenous TGF/2 on the viability or the VEGF release of cultured human retinal capillary
pericytes. We show that high glucose led to decreased pericyte viability; this is consistent
with results using bovine retinal capillary pericytes.22 In physiologic glucose, HRP secreted
VEGF and TGF/2 into the CM. When challenged with high glucose, they secreted
significantly more VEGF and TGF/2. These novel findings suggest that in hyperglycemic
diabetics, the retinal pericytes can contribute to the VEGF and TGF£2 load that can be
observed in the ocular fluid compartments.3-6 We show for the first time that TGF/2 exerts
a dose-dependent effect on human retinal pericytes cultured in euglycemic conditions; viable
cell number is decreased at a physiologic concentration, and the viable cell number is
increased at higher concentrations of TGF/2, while VEGF release per population of viable
cells is increased at a physiologic concentration of TGF/2 and reduced at higher
concentrations.

Human retinal pericytes cultured in hyperglycemic media experienced effects due merely to
increased glucose. Their viability was decreased, and the release of TGF/A2 and VEGF was
increased. Reduced viable cell number is consistent with results from in vitro cell culture
studies using several cell types.22-27

Our growth factor data are consistent with results from researchers who found elevated
VEGF levels in response to hyperglycemia in ARPE-19 cells,?8 human RPE cells,?? and
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others.30-32 Elevated glucose upregulates TGF/L in several cell types,33-35 and upregulates
TGF/2 by human Tenon's capsule fibroblasts.2> Although the mechanism for these actions
of hyper-glycemia on cell viability and cytokine release remain unclear, we show that
increasing concentrations of glucose demonstrated a dose-response effect on HRP cell
viability and TGF/2 and VEGF release per viable cell population.

Reports of dose-dependent effects due to the action of TGF£2 in different cell types include
the following observations: the effect on the proliferation of mesangial cells,38 LSK cells,3’
smooth muscle cells,38 bovine adrenal microvascular endothelial cells,3° and collagen
synthesis by osteoblast-like cells,*0 as well as on the differentiation of pre-osteoclasts and
osteoclasts.*! Furthermore, results from previous studies show that the dose-dependent
action of TGF/2 can be dependent on many variables, including on its combined action with
other growth factors#2 and their concentration in the cell environment,3% and on the
expression of different TGFreceptor phenotypes.*3 Although dose-dependent modulation
of VEGF due to TGF/ has not been previously noted in HRP, TGF/£ upregulation of VEGF
has been observed in several cell types.16:44-50 Fyrthermore, BMP-4, a member of the TGF/3
super-family, is also known to upregulate VEGF secretion by ARPE-19 cells.?!

When HRPs were cultured in high glucose with the addition of exogenous TGF/2, the dose-
dependent effects on viability and VEGF release per population of viable cells were lost.
This would suggest a disruption either in ligand binding or signaling, possibly via Smad and
MAPK signaling pathways.16:50.52.53 Some researchers suggest that pericyte growth and
differentiation are inversely related,>* and that the activation of p38 has an opposing effect
on the proliferation and migration of endothelial cells.5®

Another possible modulator of the effect of TGF£in hyperglycemic media is interference
with TGFA binding to its receptors. Known proteoglycans that can reduce levels of active
TGF/P8 are expressed by bovine retinal pericytes,*” and are upregulated by TGF4*8:57 and
by hyperglycemia.>® Decorin, in particular, is upregulated 20-fold under hyperglycemic
conditions in human mesangial cells,5%:80 as are bovine retinal pericyte-associated
proteoglycans.51

One proposed mechanism of action is that decorin sequesters TGF£in the extracellular
matrix, away from its targeted receptor, and thereby modulates the activity of this growth
factor.56

This study is also the first to note that TGF/£2 modulates the release of VEGF from human
pericytes. VEGF and TGF/£2 are both important cytokines involved with the development
and maintenance of microvessels,>462.63 and VEGF is hypothesized to act in a juxtacrine/
paracrine manner on the endothelial cells to stabilize microvessels.83

Our results suggest that the action of hyperglycemia on the growth of human retinal
pericytes causes them to be refractory to the stimulation of TGF/2. In physiologic glucose,
TGF/2 at concentrations of 1 and 10 ng/ml can lead to proliferation of human retinal
pericytes; therefore, normalization of glucose levels with an increased level of active TGF/2
might lead to an increased number of retinal pericytes, and this could possibly be enhanced
due to the decreased production of decorin, biglycan, or other proteoglycans.
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Our results also suggest that in human diabetic retinopathy, the observed pericyte drop-out
could be due to the inability of increasing levels of TGF/2 in the vitreous to exert a
proliferative effect on the retinal pericytes. The ability of TGF/2 to modulate and reduce
VEGEF levels is also lost, thereby enhancing the angiogenic effect of VEGF. Experiments
exploring the signaling pathways and the roles of proteoglycans like decorin on the actions

of

TGF/2 on HRP in normal and hyperglycemic conditions are pending, in hopes of

elucidating the mechanisms involved in the observations made herein.
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Figure 1.
Fluorescence microscopy of human retinal pericytes (HRP) shows labeling of a-smooth

muscle actin fibers. Pericytes were immunoreacted with anti-a- smooth muscle actin
conjugated with FITC. Labeled fibers illustrate the identity and phenotype of HRP. (A) Field
of labeled HRP. Bar is 10 um. (B) Close-up of a single HRP clearly showing a-smooth
muscle actin fibers. Bar is 5 pm.
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Figure2.
Confluent HRP grown in euglycemic (5.5 mM) media were serum-starved and then cultured

with serum-free, high glucose (18 mM, 33 mM, or 40 mM) media for 5 days. Data shown
represents the mean £ SE. N = 3. (A) Reduction in viable cell number of human retinal
pericytes (HRP) that were exposed to hyperglycemic media for 5 days. Viable cells were
counted using a hemacytometer and trypan blue. Cells grown in normal glucose were
typically comprised of ~90% viable cells and those grown in high glucose ~85%. There was
a 32% decrease in viable cell number due to high glucose (p = 0.022), 47% decrease in 33
mM (p = 0.001), and 64% decrease in 40 mM (p = 3.84 x 107°). (B) Increase in TGF/2
release per 1000 viable HRP exposed to 18 mM, 33 mM, or 40 mM glucose for 5 days.
ELISA was performed on the conditioned media; results given in pg/ml were divided by the
number of 1000 viable cells. There was a 29% increase in the release of TGF/2 from each
1000 viable cells grown in 18 mM glucose (p = 0.02), 91% increase per 1000 viable cells
grown in 33 mM (p = 0.001), and a 169% increase per 1000 viable cells grown in 40 mM
glucose (p = 0.0004). (C) Increase in VEGF release per 1000 viable HRP exposed to 18
mM, 33 mM, or 40 mM glucose for 5 days. ELISA was performed on the conditioned
media; results given in pg/ml were divided by the number of 1000 viable cells. There was a
61% increase in the release of VEGF from each 1000 viable HRP grown in 18 mM (p =
0.01), a 106% increase per 1000 viable cells grown in 33 mM (p = 0.001), and a 207%
increase per 1000 viable cells grown in 40 mM (p = 6.1 x 107°). (Continued )
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Figure 3.

Changes in HRP viability due to high glucose (18 mM) and exogenous TGF/2. Viable cells
were counted using a hemacytometer and trypan blue. Data shown represent the mean + SE.
N = 3. (A) Confluent HRP cultured in euglycemic media (5.5 mM) were treated with serum-
free media containing TGF/2 at 0.1, 1.0, or 10 ng/ml for 48 hr. Cells in euglycemic media
treated with 0.1 ng/ml TGF/2, a physiologic level, experienced a 41% reduction in viable
cell number (p = 0.0002), while cells treated with 1.0 or 10 ng/ml TGF/2 showed increases
in viable cell number, 58% (p = 0.02) and 39% (p =0.0001), respectively, as well as during
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counting decreased cell size and rounder morphology with smaller, fewer cell processes. (B)
Confluent HRP cultured in hyperglycemic media (18 mM) were treated with serum-free
media containing TGF/2 at 0.1, 1.0, or 10 ng/ml for 48 hr. In hyperglycemic media, there
was no change in viable cell number attributable to any concentration of TGF/2 tested (p =
0.49).
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Figure4.

Changes in VEGF release per 1000 viable cells due to high glucose and exogenous TGF/2.
Data shown represent the mean £ SE. N = 3. (A) Confluent HRP cultured in euglycemic
media (5.5 mM) were treated with serum-free media containing TGF/2 at 0.1, 1.0, or 10
ng/ml for 48 hr, after which the conditioned media was assayed for VEGF using ELISA;
results given in pg/ml were divided by the number of 1000 viable cells. Cells treated with.01
ng/ml TGF/2 released 78% more VEGF per 1000 viable cells (p = 0.002) than did controls.
Cells treated with TGF/2 at 1.0 or 10 ng/ml released less VEGF per 1000 cells, 33% (p =

Curr Eye Res. Author manuscript; available in PMC 2015 January 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vidro et al.

Page 17

0.03) and 18% less (p = 0.04), respectively. (B) Confluent HRP cultured in hyperglycemic
media (18 mM) were treated with serum-free media containing TGF/2 at 0.1, 1.0, or 10
ng/ml for 48 hr. In hyperglycemic media, there was no change in the amount of VEGF
released per viable cell attributable to any concentration of TGF/2 tested (p = 0.67).
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