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Aim: To assess the influence of high extracellular glucose on the expression of the bone morphogenetic
protein (BMP) antagonist, gremlin, in cultured bovine retinal pericytes (BRPC).

Methods: BRPC were cultured under conditions of 5 mM and 30 mM D-glucose for 7 days and total RNA
was isolated. Gremlin mRNA levels were correlated, by RT-PCR, with other genes implicated in the
pathogenesis of diabetic refinopathy and the signalling pathways in high glucose induced gremlin
expression were probed using physiological inhibitors. Gremlin expression was also examined in the
refina of streptozotocin induced diabetic mice.

Results: High glucose stimulated a striking increase in BRPC gremlin mRNA levels in parallel with increases
in mRNA for the growth factors vascular endothelial growth factor (VEGF), transforming growth factor B
(TGFB), and connective tissue growth factor (CTGF) and changes in other genes including fibronectin and
plasminogen activator inhibitor-1 (PAI-1). High glucose triggered gremlin expression was modulated by
anti-TGFB antibody, by the uncoupler of oxidative phosphorylation, CCCP, and by inhibition of MAP-
kinase (MAPK) activation. Striking gremlin expression was observed in the outer retina of diabetic mice
and dlso at the level of the vascular wall.

Conclusions: Gremlin gene expression is induced in BRPC in response to elevated glucose and in the retina
of the streptozotocin induced diabetic mouse. Its expression is modulated by hyperglycaemic induction of
the MAPK, reactive oxygen species, and TGFp pathways, all of which are reported to have a role in

of new blindness in the working age population.' There

is a strong and consistent relation between hypergly-
caemia and the incidence and progression of diabetic
retinopathy. Clinical studies have reported that the normal-
isation of glycaemia control can prevent diabetic micro-
angiopathies and possibly cardiovascular complications.”’
Several mechanisms exist by which hyperglycaemia results
in retinal damage, including increased polyol pathway,*
activation of protein kinase C (PKC),” increased non-
enzymatic glycation, and generation of reactive oxygen
species (ROS) by oxidative stress.” Furthermore, other
mediators, including growth factors such as vascular
endothelial growth factor (VEGF), platelet derived growth
factor (PDGF), and transforming growth factor B (TGEp)
contribute to the pathological manifestations of diabetic
retinopathy, including basement membrane thickening,
vessel occlusion and retinal hypoxia, which induces neovas-
cularisation (reviewed by Cai and Boulton®). New vessels and
connective tissue grow on the surface of the retina or optic
nerve head and into the vitreous. Visual loss at this time
results from vitreous haemorrhage or fluid exudation from
fragile new vessels.”

Retinal pericytes are smooth muscle-like cells with
attenuated processes enveloping the abluminal surface of
microvessels and sharing a common basement membrane
with the underlying endothelium (reviewed by Diaz-Flores et
al'’). Pericytes express o smooth muscle actin (a-SMA) and
have been implicated to have a contractile function," thus
regulating blood flow. They are proposed to regulate
microvascular angiogenesis and synthesise components of
the vascular basement membrane.”” ** Pericytes have been
demonstrated to be involved in the regulation of endothelial
cell number and morphology and microvessel architecture."

Diabetic retinopathy is one of the most frequent causes
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diabetic fibrotic disease. This implicates a role for gremlin in the pathogenesis of diabetic retinopathy.

One of the first histological features of diabetic retinopathy is
the loss of retinal pericytes."

Gremlin is a member of the differential screening-selected
gene gberrative in the neuroblastoma (DAN) family of bone
morphogenetic protein (BMP) antagonists.' The protein is
highly conserved through evolution and contains a cysteine rich
region, a cysteine knot, which is also shared by members of the
TGFp family, PDGF family, nerve growth factor, and other
secreted proteins.'”” Gremlin exists as both secreted and cell
associated forms. It can be post-translationally modified by
glycosylation and phosphorylation.'® Gremlin influences diverse
processes in growth, differentiation, and development™ *

Gremlin has been demonstrated to antagonise the activ-
ities of BMP-2, BMP-4, and BMP-7. It does this by direct
binding to and heterodimerisation with the BMP. This then
results in these BMP ligands failing to bind their receptors,
which are members of the TGFf receptor superfamily.'® "
Increased expression of gremlin has recently been demon-
strated in several models of diabetic nephropathy,” *
pointing to a role for gremlin in diabetic fibrotic disease. In
this study, we explore gremlin expression in a model of
diabetic eye disease, using BRPC cultured in high glucose
levels. We also examine in vivo gremlin expression in the
retina of C57 mice with streptozotocin induced diabetes.

Abbreviations: o-SMA, o smooth muscle actin; BMP, bone
morphogenetic protein; BRPC, bovine retinal pericytes; CCCP, carbonyl
cyanide m-chlorophenylhydrazone; CTGF, connective tissue growth
factor; DAN, differential screening-selected gene aberrative in the
neuroblastoma; EST, expressed sequence tag; MAPK, MAP-kinase; PAI-
1, plasminogen activator inhibitor-1; PDGF, platelet derived growth
factor; PKC, protein kinase C; ROS, reactive oxygen species; RT-PCR,
reverse franscription-polymerase chain reaction; TGFp, transforming
growth factor B; VEGF, vascular endothelial growth factor
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METHODS

Cell culture

Bovine retinal pericytes (BRPC) were cultured in MCDB
131 (Invitrogen) supplemented with 2 mM r-glutamine and
5% fetal bovine serum (passages 5-7), and maintained in
medium containing either 5 mM or 30 mM D-glucose for
7 days. Culture medium was replenished three times during
this period to maintain glucose levels in the desired range. For
the low/high glucose experiments (n = 3) BRPC were cultured
in 5 mM glucose, 30 mM glucose, or 5 mM glucose and 25 mM
mannitol (as an osmolarity control) for 7 days. To examine
regulation of gremlin expression BRPC were cultured in 30 mM
glucose plus 10 uM PD 98059 (Calbiochem), or 10 pM GF
109203X (Calbiochem), or 500 nM CCCP (Sigma), or 1 pug/ml
oTGFB1 antibody (R&D Systems) for 7 days. PD 98059 is a
selective inhibitor of MEK?*’ that acts by inhibiting activation of
MAPK and subsequent phosphorylation of MAK substrates. GF
109203X is a selective PKC inhibitor.”* CCCP (carbonyl cyanide
m-chlorophenylhydrazone) is an uncoupler of oxidative phos-
phorylation.”” oTGFB1 antibody neutralises the bioactivity of
TGFp1.” BRPC were also cultured in 5 mM glucose with 10 ng/
ml TGFB1 or 10 ng/ml TGFB2.

RNA extraction and reverse transcription-polymerase
chain reaction

RNA was extracted from BRPC using Trizol (Invitrogen)
according to the manufacturers’ instructions. RT-PCR
(reverse transcription-polymerase chain reaction) was per-
formed as follows: 2 pg of total RNA was treated with DNasel
(Invitrogen), reverse transcription was carried out using
random primers and Superscript II (Invitrogen) using the
manufacturer’s protocol. Limited cycle PCR was carried out
using the following primers: VEGF; sense 5'-GGA TCA AAC
CTC ACC AAA GC-3/, antisense 5'-CAG GAT TGT TCT GTC
GAT GG-3', CTGF, sense 5-GAA AGG CAA AAA GTG CAT
CC-3’, antisense 5'-CTT GTG CCA CTG AAA TCA CG-3/,
TGFBl, sense 5'-TGA TGT CAC CGG AGT TGT GC-3',
antisense 5'-TCC AGG CTC CAA ATG TAG GG-3/,
Fibronectin, sense 5'-CAC TGC CCA CTC CTA CAA CC-3/,
antisense 5'-ATG GAT CCC AAT CCA AAT CC-3', PAI-1,
sense 5'-TGA CCA CAG GAG GAG AAA CC-3’, antisense 5'-
GGT GTT TGA TCT GGG AAG G-3'. Bovine gremlin was
amplified using the primers sense 5'-CCT GAA GCG GGA
CTG GTG YAA RAC-3’, antisense 5'-TCG ATG GAT ATG CAA
CG-3', where Y=C+T, R=A+G. As a control for equal
amounts of RNA, either 18S rRNA or the housekeeping gene
GAPDH was amplified. 18S, sense 5'-GTG GAG CGA TIT GTC
TGG TT-3', antisense 5'-CGC TGA GCC AGT CAG TGT AG-3'.
GAPDH, sense 5'- GGT GAT GCT GGT GCT GAG TA -3/,
antisense, 5'- GTC TTC TGG GTG GAG TGA T -3".

To confirm the correct PCR product was amplified PCR
products were subcloned into the vector pCRII-TOPO
(Invitrogen). Subcloned cDNAs were isolated by colony PCR
amplification. Sequencing was performed using an auto-
mated ABI 3310 DNA sequencing system. Sequence reactions
were carried out with the ABI prism big dye terminator cycle
sequencing ready reaction kit (Perkin-Elmer). The sequences
obtained were compared against GenBank and expressed
sequence tag (EST) databases using BLAST searches.”

Animal model and immunohistochemistry

The animal model is as described by Cox et al.*® Briefly, male
c57Bl/6 mice (20-25 g at 5-6 weeks old) were randomly
assigned to non-diabetic control or diabetic groups. Diabetes
was induced by a single intraperitoneal injection of streptozo-
tocin (Sigma) at 180 mg/kg bodyweight. Control animals
received an equivalent dose of the drug vehicle (citrate buffer
at pH 4.6). The mice were caged individually and allowed food
and water ad libitum. Blood glucose levels were measured
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Figure 1 Glucose regulated gene expression in BRPC. RT-PCR analyses
ofgquanﬁtqtive|y sk:n(?qrdised total RNA samples from BRPC cultured in
5 mM glucose, 5 mM glucose, and 25 mM mannitol (as an osmolarity
control), or 30 mM glucose for 7 days. SDW was used as a negative
control instead of cDNA and is indicated by -. 185 ribosomal RNA was
used as a control for equal input amounts of RNA.

fortnightly. Diabetic animals with blood glucose levels between
20 mM and 30 mM were included in the study. Groups of 8-10
animals were taken for each experimental and control group
and the experiment was carried out three times. All animals
were sacrificed after 8 weeks” duration of diabetes.

An anti-gremlin antibody was generated by Fusion
Antibodies (Belfast). Sections of mouse eyes were de-waxed
and rehydrated in PBS. The sections were then subjected to
antigen retrieval for 20 minutes in citrate buffer (pH 6.0) in a
pressure cooker. After washing in PBS, the sections were
blocked with 5% normal goat serum, 1% BSA, 0.01% Triton-
X100 and then incubated in primary antibody to gremlin at
1:100 dilution overnight at 4°C. Controls were perfomed
using primary antibody exclusion and rabbit non-immune
serum.  Before  detection using the  anti-rabbit
Envision+System (Dako Ltd.), endogenous peroxidase activ-
ity was quenched in 3% hydrogen peroxide. After allowing
diaminobenzidine reaction product to develop, the sections
were then washed extensively, counterstained with haema-
toxylin, and mounted with Glycermount (Dako Ltd).

RESULTS

Glucose induced growth factor gene expression in
BRPC

The expression of growth factor genes suggested to be
involved in the pathogenesis of diabetic retinopathy, such
as VEGF, TGFp, and CTGF*”' were examined. Figure 1 shows
the results of RT-PCR for glucose induced gene expression in
BRPC. All three growth factor genes examined, VEGF, CTGF,
and TGFPB1 were expressed. Two alternatively spliced forms of
bovine VEGF were expressed; VEGF 164 (orthologue of
human VEGF 165) and VEGF 120 (orthologue of human
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Figure 2 Gremlin is upregulated by glucose in BRPC. (A) RT-PCR
analyses of quantitatively srandardiset? total RNA samples from BRPC
cultured in 5 mM glucose, 5 mM glucose, and 25 mM mannitol (as an
osmolarity control), or 30 mM glucose for 7 days. SDW was used as a
negative control instead of cDNA and is indicated by -. 18S ribosomal
RNA was used as a control for equal input amounts of RNA. (B) The
bovine Gremlin PCR product was subcloned in to the vector pCR2.1-
TOPO (Invitrogen) and sequenced in both directions. The sequence was
aligned in a pairwise alignment using “/BLAST 2 sequences”** with its
human homologue (accession number AF110137).

VEGF 121). Expression levels of all three growth factor genes
increased under conditions of elevated glucose. Basement
membrane thickening and increased contractility and coa-
gulation are associated with diabetic retinopathy.” ** > The
expression of genes associated with these processes was also
examined by RT-PCR. Expression of both fibronectin and
PAI-1 increased (fig 1).

Gremlin expression in BRPC

Figure 2A shows increased expression of gremlin in BRPC
exposed to 30 mM glucose for 7 days. The gremlin PCR product
obtained was subcloned and sequenced. The sequence of bovine
gremlin was determined. Following pairwise using “BLAST 2
sequences’’* with its human homologue (accession number
AF110137) the sequence showed 92% identity to its human
homologue, over the amplified region (fig 2B). This sequence of
bovine Gremlin was translated and aligned with a translation of
the human mRNA sequence. At the protein level the homology
is 98% identity, data not shown. Western blotting for gremlin
(data not shown) demonstrates that gremlin is both cell
associated and secreted.

Regulation of bovine gremlin expression

Regulation of gremlin expression was examined. BRPCs were
cultured in 30 mM glucose plus inhibitors of signalling
pathways. Inhibition of the MEK signalling pathway by PD
98059, uncoupling of oxidative phosphorylation by CCCP, or
TGFP signalling, using oTGFBl antibody all modulate
gremlin expression. Inhibition of protein kinase C signalling
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Fifgure 3 Regulation of bovine gremlin expression. (A) RT-PCR analyses
of quantitatively standardised total RNA samples from BRPC cultured in
5 mM glucose, 5 mM glucose and 25 mM mannitol (as an osmolarity
control), 30 mM glucose or 30 mM glucose plus 10 uM PD 98059, or
10 M GF 109203X, or 500 nM CCCP, or 1 ug/ml «TGFB1 antibody
for 7 days. 18S ribosomal RNA was used as a control for equal input
amounts of RNA. (B) RT-PCR analyses of quantitatively standardised total
RNA samples from BRPC cultured in 5 mM glucose (control), 5 mM
glucose and 10 ng/ml TGFB1, and 5 mM g?ucose and 10 ng/ml
TGFp2. 18S ribosomal RNA was used as a control for equal input
amounts of RNA.

by GF109203X had no effect on gremlin expression. Gremlin
expression was measured by RT-PCR (fig 3A). Culturing
BRPC in 30 mM glucose and oTGEP1 antibody abolishes
gremlin expression. Culturing BRPC in 30 mM glucose and
PD 98059 or CCCP reduces gremlin expression, therefore
implying the MAPK pathway and hyperglycaemia induced
ROS in regulation of gremlin expression in this model. To
determine if gremlin was directly regulated by TGFf in BRPC,
the cells were cultured in 5 mM glucose and 10 ng/ml TGFpB1
or 10 ng/ml TGFP2. Again gremlin expression was examined
by RT-PCR and was found to increase with both TGFf1 and
TGFP2 stimulation (fig 3B).

Gremlin is expressed in the retina of diabetic mice
Gremlin immunoreactivity was localised to the nerve fibre
layer, ganglion cell layer and inner plexiform layers in the
retina of both non-diabetic (fig 4A), and diabetic mice
(fig 4B). The diabetic animals also demonstrate gremlin
immunoreactivity in the outer retina (fig 4B), and also at the
level of the vascular wall (arrow)—especially noticeable in
the large retinal vessels (fig 4C).

DISCUSSION

Within the retina, pericytes provide vascular stability, exert
control over endothelial cell proliferation and morphology,
and microvessel architecture."

Multiple growth factors are involved in the regulation of
the retinal vasulature, and are also involved in the
pathogenesis of diabetic retinopathy. We have demonstrated
in this study the increased expression of the profibrotic
growth factors, CTGF and TGFf1, and the angiogenic factor
VEGF in retinal pericytes exposed to high concentrations
(30 mM) of extracellular glucose. CTGF is a novel, cysteine
rich secreted protein, which is implicated in fibrotic disorders
and has been associated with proliferative retinopathies.” *°
More recently, other studies show increased expression of
CTGF in the diabetic retina’” and demonstrate the expression
of CTGF in pericytes and point to a role for CTGF in diabetic
retinopathy.” High glucose induced CTGF expression has
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Figure 4 Immunohistochemistry of

remlin in retina of diabetic and non-
giabeﬁc mice. The nerve fibre layer
(NFL), ganglion cell layer (GCL), and
inner plexiform layers (IPL) of both non-
diabetic (A) and diabetic (B) mice show
strong immunoreactivity. Diabetic
animals demonstrate gremlin
immunoreocﬁviIT in the outer retina (B)
and also at the level of the vascular
endothelium (arrow), especially
noticeable in the large retinal vessels
(C). Primary antibody omission controls
show no apparent deposition of DAB
reaction product (D). Original

magnifications: x200 (A, B, and D).
%400 (C). The outer nuclear layer

(ONL) and photoreceptors (PR) are also
labelled.

been demonstrated in other cell types such as mesangial
cells,” where it may contribute to increased fibrosis by
inhibiting matrix breakdown’” and mediating TGFf induced
matrix deposition.”” TGFBI1, is a member of a superfamily of
multifunctional cytokines, which regulate multiple cellular
functions including growth, differentiation, and death.
TGFpI1 is a potent inducer of extracellular matrix proteins
and inhibits matrix degradation.*” TGFB produced in co-
cultures of endothelial cells and pericytes has been demon-
strated to inhibit retinal endothelial cell proliferation.*> We
have demonstrated here increased TGF( transcription in
pericytes in response to elevated glucose. VEGF, a potent
angiogenic factor, is synthesised by pericytes and is capable of
stimulating endothelial cells to proliferate, and may syner-
gistically act with other growth factors to enhance this
effect.”” VEGF has been demonstrated to increase CTGF levels
in retinal capillary cells mediated primarily by PI3-kinase
activation.”’ In retinal pigmented epithelial cells, 30 mM
glucose also induces VEGF expression.** We have demon-
strated in this study direct induction by high glucose of these
growth factors, VEGF, CTGF and TGFf, thus demonstrating
that concomitant overexpression of growth factors by retinal
pericytes occurs in response to elevated glucose levels and
may contribute to the pathogenesis of diabetic retinopathy.

Hyperglycaemia induces basement membrane thickening
in the diabetic retina and this may contribute to the closure
of capillaries.® Increased coagulation and contractility are also
associated with diabetic retinopathy. We have demonstrated
here that when exposed to elevated levels of glucose, retinal
pericytes increase fibronectin and PAI-1 expression.
Increased CTGF levels may also contribute to increased
matrix deposition.” *° Pericytes may also contribute to the
process of basement membrane thickening by secreting
fibronectin. Fibronectin mRNA elevation has previously
been demonstrated in pericytes in response to 22 mM
glucose,” and we demonstrate increases following exposure
of pericytes to 30 mM glucose.

There exists an emerging paradigm that patterns of
developmental gene programs reappear in the context of a
disease process.” This may attempt to repair or regenerate
tissue. It is also possible that this execution of a developmental

program may contribute to the disease process. One of these
developmental genes is gremlin. Increased expression of
gremlin has been recently demonstrated in models of fibrotic
disease processes, most notably diabetic nephropathy.”> We
have also demonstrated in this study that increased gremlin
expression is associated with retinal pericytes exposed to high
extracellular glucose. We have shown that gremlin expression
in retinal pericytes can be abolished by culturing pericytes with
oTGFB1 antibody, and induced by stimulation with either
TGFp1 or TGF2, therefore implying this signalling pathway in
gremlin expression.

Gremlin gene expression is induced in response to high
glucose in this system. Its expression is modulated by the
MAPK, ROS, and TGFf pathways, all of which are reported to
have a role in the pathogenesis of diabetic retinopathy
(reviewed by Brownlee*). The concomitant increased expres-
sion of multiple profibrotic genes and gremlin in retinal
pericytes exposed to 30 mM glucose, and regulation of
gremlin expression by the profibrotic cytokine, TGFf may
imply a role for gremlin in fibrogenesis. Gremlin is a 184
amino acid protein and a member of the cysteine knot
superfamily. The protein is highly conserved during evolution
and is present in soluble and cell associated forms. It belongs
to a novel family of bone morphogenetic protein (BMP)
antagonists that includes the head inducing factor Cerberus
and the tumour suppressor DAN. These proteins have
important roles in limb development and neural crest cell
differentiation. Gremlin expression can be induced in
mesangial cells in response to elevated glucose, TGF-B, and
cyclic mechanical strain.”’ A pathogenic role may be
attributed to gremlin in the context of diabetic nephropathy
as overexpression of gremlin induces transdifferentiation of
cultured tubular epithelial cells to a more fibroblast-like
phenotype.”” We have observed in this study that gremlin
protein expression in BRPC is both cell associated and
secreted. As a cell associated protein it may function to alter
gene expression and signalling pathways, as demonstrated by
Chen ef al* in tumour derived cell lines. Gremlin also
functions as a secreted protein and in addition we have
shown in this study that gremlin is expressed in the retinas of
both non-diabetic and diabetic mice, and that expression
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increases in the outer retina and the vascular wall of diabetic
animals. Mathura et a/* demonstrated high expression of
BMPs in the adult outer retina, more specifically the RPE,
and suggest that both BMP-2 and BMP-4 may serve as
negative growth regulators in the retina. The expression of
gremlin in the vascular endothelium is significant as this may
contribute to proliferation of the vascular endothelium.
Trousse et al’® demonstrate how BMP-4 mediates apoptosis
in the retina, and this may be antagonised by Noggin,
another member of the BMP antagonist family. As gremlin is
a known antagonist of BMPs, it may have a role in
proliferation by antagonising the antiproliferative effects of
BMP in the retina. Therefore, modulation of BMP expression
may have a role in proliferative retinopathies.
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