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Abstract
Objective—The insulin-sensitizing agents referred to as thiazolidinediones (TZDs) possess anti-
atherogenic and anti-inflammatory actions that contribute to protection against diabetic
macrovascular complications. However, little is known about the effects of TZDs on retinal
microvessel disorders. Here, we investigated whether TZDs modulate retinal vessel formation in a
mouse model of oxygen- retinopathy.

Methods and Results—Neonatal mice were subjected to ischemia-induced retinopathy to
produce pathological neovascular tuft formation. Pioglitazone (10 mg/kg/day), rosiglitazone (10
mg/kg/day) or vehicle was given by gavage once a day from postnatal day 7 (P7) to P17. Systemic
treatment of wild-type (WT) mice with TZDs led to a significant decrease in pathological retinal
neovascularization during ischemia compared with vehicle treatment, which was accompanied by
increased plasma levels of the fat-derived hormone adiponectin. In contrast to WT mice, TZDs
had no effects on ischemia-induced pathological retinal vessel formation in adiponectin-knockout
(APN-KO) mice. Pioglitazone reduced tumor necrosis factor (TNF)-α expression in ischemic
retina in WT mice but not in APN-KO mice. Furthermore, pioglitazone increased plasma
adiponectin levels in TNF-α-KO mice but did not affect ischemia-induced pathological retinal
neovascularization in this strain.

Conclusions—These data show that TZDs attenuate pathological retinal microvessel formation
through adiponectin-mediated modulation of TNF-α production.
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Introduction
Thiazolidinediones (TZDs), peroxisome proliferator-activated receptor (PPAR)-γ agonists
(Pioglitazone and Rosiglitazone) have well-established anti-hyperglycemic effects in type 2
diabetes, which are mediated by a reduction of insulin resistance 1-3. Administration of
TZDs inhibits the development of atherosclerotic lesion formation in animal models of
atherosclerosis 4, 5 and suppresses neointimal thickening in response to injury in rabbits and
rats 6, 7. TZDs are also reported to protect the heart from myocardial ischemia-reperfusion
injury 8. These actions are believed to be mediated through the ability of TZDs to affect
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vascular function and modulate inflammation 1-3. While these data suggest that TZDs exert
favorable effects on diabetic macrovascular complications, the epidemiological findings on
TZD treatment and cardiovascular diseases are complex. The PROactive study and a meta-
analysis reported that pioglitazone therapy has a beneficial impact on cardiovascular
outcomes in diabetic populations 9, 10. A meta-analysis revealed that rosiglitazone is
associated with adverse cardiovascular events in diabetic patients 11, but the more recent
RECORD study did not find that rosiglitazone is linked to increased cardiovascular risk 12.

Ischemic retinopathies including retinopathy of prematurity and diabetic retinopathy are the
main cause of blindness 13, 14. Retinal ischemia causes vascular injury and dysfunction,
leading to a pathological blood vessel formation in the retina 14. Furthermore,
hyperglycemia can contribute to the development of diabetic retinopathy by enhancing
vascular permeability, inflammation and endothelial cell damage 13. These abnormal
neovascular changes are associated with the overproduction of several growth factors and
cytokines including vascular endothelial growth factor (VEGF) and tumor necrosis factor
(TNF)-α 13, 14. Thus, inhibition of pathological retinal vessel formation is a logical strategy
to prevent retinal injury and preserve visual acuity 15.

Adiponectin is an anti-inflammatory adipose-derived cytokine that is downregulated in
patients with obesity-linked diseases including type 2 diabetes 16, 17. Increasing evidence
indicates that TZD treatment increases plasma adiponectin levels in normal, obese, and type
2 diabetic subjects 18, 19 TZD treatment also increases adiponectin levels in diabetic db/db,
ob/ob and wild-type mice 19-21. A number of experimental studies demonstrate that
adiponectin plays a protective role in the development of insulin resistance and diabetic
macrovascular complications including atherosclerosis and ischemic heart disease 22-25.
Importantly, adiponectin-knockout (APN-KO) mice are refractory to the beneficial effects of
TZDs on insulin resistance 20, 21. These findings suggest that the ability of TZDs to
ameliorate insulin sensitivity is mediated, at least in part, by the ability of these drugs to
upregulate adiponectin expression.

A recent clinical study showed that rosiglitazone treatment is associated with the delayed
onset of proliferative diabetic retinopathy 26. In experimental models, it has been shown that
intravitreal injection of TZDs suppresses pathological vessel formation in ischemic retina 27,
and that TZDs suppress retinal leukostasis and vascular leakage 28. However, the molecular
mechanisms of TZDs action in retinal vessel disease remain unclear.

Recently we have shown that adiponectin protects against pathological microvessel
formation in retina in a mouse model of ischemic retinopathy 29. Thus, we hypothesized that
TZDs protect against retinal vessel disorders through their ability to increase circulating
adiponectin levels. Here we investigated the effects of TZDs on ischemia-induced retinal
vessel formation in a mouse model of oxygen-induced retinopathy and assessed the
participation of adiponectin and TNF-α in this process with loss-of-function genetic
manipulations.

Methods
Mouse model of ischemia-induced retinopathy

Adiponectin-knockout (APN-KO) 23 and littermate wild-type (WT) mice in a C57BL/6
background, and TNF-α-KO and littermate WT mice in a C57BL/6/129 background
(Jackson Laboratory) were used. Both genders were used. All animal studies were
performed in accordance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved
by the Institutional Animal Care and Use Committee in Boston University. To produce a
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clinically relevant ischemic retinopathy model, postnatal mice were subjected to oxygen-
induced retinopathy 29, 30. Postnatal day 7 (P7) mice with their nursing mothers were
exposed to 75±2% oxygen (hyperoxia) for 5 days (P7-12) to produce retinal vascular
obliteration, and returned to room air (normoxia) at P12. When the mice are returned to
room air at P12, the regions of vascular obliteration in retina are rendered hypoxic.
Subsequently, hypoxic condition stimulates the development of pathological neovascular
tufts within the vitreous body. P 17 is the time when the maximal neovascularization occurs
in this model.

Pioglitazone treatment
Pioglitazone (10 mg/kg/day) 20, rosiglitazone (10 mg/kg/day) 21 or vehicles were placed in
the stomach of pups by gavage once daily for 10 days from P7 to P14 or P17. Pioglitazone
was obtained from Sigma, and rosiglitazone was purchased from Calbiochem. Mouse
adiponectin levels were determined by ELISA kit (B-Bridge International Inc.). Glucose
levels were measured with enzymatic kits (Wako Chemicals). TNF-α protein levels in
ischemic retinas were measured by ELISA (R&D Systems).

Measurement of neovascularization and vascular obliteration
The degree of neovascularization and vascular obliteration were assessed by well-
established methods 29, 31. Eyes were removed from mice at P17, and fixed in 4%
paraformaldehyde. The retinas were dissected and stained with fluoresceinated Griffonia
Bandereiraea Simplicifolia Isolectin B4 (Alexa Fluor 594, Molecular Probes) to detect
vascular endothelial cells 29, 31. The retinas were radially cut from the edge of retina in the 4
quadrants, and mounted in mounting media (Vector Laboratories). Pictures of whole-mounts
of retinas were taken at 5× magnification by fluorescence microscopy. Retinal segments
were merged to generate a whole retinal image using Adobe Photoshop. Central non-
perfused regions without capillaries and optic disc were defined as vascular obliteration. The
extent of vascular obliteration and neovascular tuft formation was quantified by comparing
the number of pixels in the affected areas with the total number of pixels in the retina. The
physiological normal vascularization was calculated by subtracting the neovascular and
vascular obliteration areas from total retinal areas 29. Investigators were masked to the
mouse treatment.

Determination of mRNA levels
Total RNA was isolated from retinas of mice using a Qiagen kit, and cDNA was produced
using ThermoScript RT-PCR Systems (Invitrogen). Quantitative Real-time PCR (QRT-
PCR) was performed on iCycler iQ Real-Time PCR Detection System (BIO-RAD) using
SYBR Green I as a double stranded DNA specific dye as described previously 22, 32.
Primers for mouse TNF-α were purchased from Qiagen. Primers were: 5′-
CTGTAACGATGAAGCCCTGGAG-3′ and 5′-TGGTGAGGTTTGATCCGCAT-3′ for
mouse VEGF, 5′-ATTTCCCTGTTTGTGGCTGCTA-3′ and 5′-
CAATCCCCTCCTGCAACTTC-3′ for mouse PPARα, 5′-
TCCAGCCAATGCCTTTGC-3′ and 5′-TGGAGATTACTTTTCAGTGCAGAA-3′ for
mouse CD36, 5′-TCACCTGGAAGACAGCTCCT-3′ and 5′-
AATCCCCATTTACGCTGATG-3′ for mouse fatty acid binding protein 4, aP2, and 5′-
AGAGGGAAATCGTGCGTGAC-3′ and 5′-CAATAGTGATGACCTGGCCGT-3′ for
mouse β-actin.
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Adenovirus-mediated gene transfer
Adenovirus vectors containing the gene for β-galactosidase (Ad-βgal) and full-length mouse
adiponectin (Ad-APN) were prepared as described previously 23. The 4×107 plaque-forming
units of Ad-APN or Ad-βgal were injected into the jugular vein of APN-KO mice at P10 29.

Western blot analysis
Retinal tissues were obtained at P14 and homogenized in RIPA buffer (Cell Signaling) with
protease inhibitor cocktail (Roche). Tissue lysates were separated with denaturing SDS-
PAGE. The membranes were immunoblotted with the indicated antibodies followed by the
secondary antibody conjugated with horseradish peroxidase. ECL Western Blotting
Detection kit (Amersham) was used for detection. Antibodies used in this study were
phospho-AMPK (Thr172) antibody (Cell Signaling), pan-α-AMPK antibody (Cell
Signaling) and β-actin antibody (Sigma). Quantitative analysis of relative phosphorylation
levels was performed by using ImageJ program. Immunoblots were normalized to total
loaded protein.

Statistical Analysis
All data are presented as means ± SEM. Differences were analyzed by Student's unpaired t
test for 2 groups or ANOVA for multiple comparisons. A level of P<0.05 was accepted as
statistically significant.

Results
Systemic delivery of pioglitazone inhibits ischemia-driven pathological retinal
neovascularization in WT mice

A previous study analyzed the effects of TZDs on pathological retinal vascularization
following intravitreal delivery 27. To test the impact of systemic pioglitazone administration,
neonatal wild-type (WT) mice in a C57BL/6 background were exposed to hyperoxia (75%
O2) for 5 days from postnatal day 7 (P7) to P12 and returned to room air at P12 to induce
pathological neovascular tufts 29, 30. Pioglitazone or vehicle was given to mice by gavage
from P7 to P17. Retinas were stained with fluoresceinated isolectin B4 to detect
vascularization at P17. Figure 1A shows representative photographs of retinal whole
mounts, stained with fluorescein-labeled isolectin B4. Quantitative analysis of neovascular
tufts/total retinal area revealed that pioglitazone significantly reduced pathological retinal
neovascular formation in this model (Figure 1B). Pioglitazone treatment also reduced
vascular obliteration/total retinal area compared with vehicle treatment (Figure 1C).
Pioglitazone increased areas of physiologically normal vascularization in ischemic retina
(77.5±0.7%) compared with vehicle (71.2±0.8%). Thus, systemic administration of
pioglitazone is protective in the context of ischemia-induced pathological retinal
neovascularization. In contrast, under normoxic conditions, WT mice treated with
pioglitazone or vehicle showed no central avascular area and no peripheral pathological
vascular tuft formation (data not shown).

Contribution of adiponectin to the suppressive action of pioglitazone on pathological
neovascularization

Recently we have found that adiponectin is protective against the development of ischemic
retinopathy 29. Because TZDs have been shown to increase adiponectin levels in mice and
humans 18-21, we hypothesized that the beneficial actions of pioglitazone on pathological
neovascularization in response to ischemia might be due to the induction of adiponectin. To
test this hypothesis, we first measured plasma adiponectin levels during oxygen-induced
retinopathy in the presence of pioglitazone or vehicle. Pioglitazone treatment significantly

Higuchi et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 January 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



increased plasma adiponectin levels at P12, P14 and P17 compared with vehicle (Figure
2A). Plasma adiponectin levels were also slightly elevated at P14 and P17 in vehicle-treated
WT mice (Figure 2A). Plasma glucose levels at P17 did not significantly differ between
vehicle- and pioglitazone-treated WT mice (Glucose levels: 95 ± 6 mg/dl in vehicle-treated
mice, 91 ± 8 mg/dl in pioglitazone-treated mice).

To test whether adiponectin mediates the protective actions of pioglitazone on ischemic
retinopathy, we investigated the effect of pioglitazone on pathological vessel formation in
adiponectin-knockout (APN-KO) mice in a C57BL/6 background. Compared with WT
mice, APN-KO mice treated with vehicle exhibited increased pathological neovascular area
(17.2 ± 0.6%), consistent with our previous observations 29. Pioglitazone treatment had no
effect on retinal neovascular areas in APN-KO at P17 as compared with vehicle treatment
(Figure 2B). In contrast, systemic delivery of adenoviral vectors expressing adiponectin
(Ad-APN) attenuated retinal neovascular area in APN-KO at P17 compared with Ad-β-
galactosidase (Ad-βgal) treatment (Figure 2B). While adiponectin levels were undetectable
in Ad-βgal-treated APN-KO, Ad-APN-treated APN-KO had adiponectin levels of 11.4 ± 2.1
μg/ml at P17, which is similar to levels in WT mice. These data suggested that the inhibitory
effect of pioglitazone on ischemia-induced neovascularization is dependent on its ability to
upregulate adiponectin production.

We also evaluated the extent of pathological tuft formation in ischemic retina in WT and
APN-KO mice after gavage administration of rosiglitazone, another TZD. Treatment of WT
mice with rosiglitazone resulted in a significant increase in plasma adiponectin levels at P14
relative to vehicle treatment, which is comparable to the levels in pioglitazone-treated WT
mice (Adiponectin levels: 13.7 ± 1.0 μg/ml in WT/vehicle and 28.1 ± 1.0 μg/ml in WT/
rosiglitazone). Neovascular tuft formation in retinas of WT mice was attenuated by
rosiglitazone treatment (Figure 2C). In contrast, rosiglitazone did not affect the areas of
retinal neovascular formation in APN-KO mice (Figure 2C).

Pioglitazone reduces TNF-α expression in ischemic retina
To elucidate the mechanism by which pioglitazone protects against abnormal retinal
neovascularization, we analyzed the expression of VEGF and TNF-α in ischemic retina in
vehicle- and pioglitazone-treated WT mice at P14 by quantitative real-time PCR methods.
VEGF mRNA levels did not significantly differ between vehicle- and pioglitazone-treated
WT mice (Fold changes in transcripts in pioglitazone vs. vehicle: 0.92±0.10). In contrast,
pioglitazone treatment significantly reduced retinal TNF-α mRNA levels in WT mice
compared with vehicle treatment (Figure 3A). To test the involvement of adiponectin in
suppression of retinal TNF-α expression by pioglitazone, we assessed retinal TNF-α mRNA
expression at P14 in APN-KO mice in the presence of pioglitazone or vehicle. APN-KO
mice treated with vehicle showed a significant increase in retinal TNF-α mRNA levels
compared with vehicle-treated WT mice. In contrast to the inhibition of TNF-α levels in WT
mice by pioglitazone, administration of pioglitazone to APN-KO mice did not lead to a
significant reduction of TNF-α mRNA levels in ischemic retina (Figure 3A).

To corroborate the TNF-α transcript data, TNF-α protein levels were quantified by ELISA.
Treatment of WT mice with pioglitazone significantly reduced TNF-α protein expression in
ischemic retina (Figure 3B). In contrast, APN-KO mice exhibited increased levels of TNF-α
production in ischemic retina, and pioglitazone treatment had little or no effect on these
elevated levels of TNF-α protein (Figure 3B).
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Role of TNF-α-deficiency in suppression of pathological neovascularization by
pioglitazone

To investigate the role of TNF-α in retinal protection by pioglitazone, we assessed the
impact of pioglitazone on abnormal retinal neovascularization under conditions of TNF-α-
deficiency. TNF-α-KO and WT mice in a background of C57BL/6/129 were subjected to
oxygen-induced retinopathy in the presence of pioglitazone or vehicle. As shown in Figure
4A, pioglitazone treatment increased plasma adiponectin levels at P14 by approximately 2-
fold in both strains compared with vehicle treatment (Adiponectin levels: 11.2 ± 0.4 μg/ml
in WT (C57BL/6/129)/vehicle, 19.7 ± 2.1 μg/ml in WT (C57BL/6/129)/pioglitazone, 7.9 ±
1.2 μg/ml in TNF-α-KO/vehicle, and 18.1 ± 1.2 μg/ml in TNF-α-KO/pioglitazone).
Paradoxically, adiponectin levels were significantly lower in TNF-α-KO mice than in WT
mice. TNF-α-KO mice treated with vehicle exhibited decreased retinal neovascular area
compared with vehicle-treated WT mice, in agreement with previous reports 29, 31 (Figure
4B). Treatment of WT mice with pioglitazone resulted in a significant decrease in retinal
neovascular areas at P17 (41%), but pioglitazone treatment had little or no effect on
neovascular tuft formation in retina in TNF-α-KO mice (17% reduction).

Adiponectin mediates PPARα induction and AMPK activation caused by pioglitazone
Pioglitazone has been shown to stimulate PPARα 33 and AMPK activation in vivo 20, 21.
Similarly, adiponectin is reported to increase PPARα expression and enhance AMPK
activity in various tissues including liver and muscles 34. Therefore, we tested whether
pioglitazone modulates PPARα expression and AMPK signaling during ischemic
retinopathy in WT and APN-KO mice. QRT-PCR analysis revealed that PPARα mRNA
levels were lower in retinas of APN-KO mice than in those of WT mice during vehicle
treatment (Figure 5A). Treatment of WT mice with pioglitazone led to a significant increase
in PPARα transcript levels in ischemic retinas, whereas no effects of pioglitazone were
observed in APN-KO mice (Figure 5A). Western blot analysis demonstrated that
pioglitazone enhanced phosphorylation of AMPK in ischemic retinas in WT mice, but not in
APN-KO mice (Figure 5B). The levels of retinal AMPK phosphorylation tended to be lower
in APN-KO mice than in WT mice after vehicle treatment, but the difference was not
statistically significant. AMPK protein levels did not significantly change among four
different groups. Finally we examined the effect of pioglitazone on mRNA levels of
PPARγ-regulated genes, CD36 and fatty acid binding protein 4, aP2 in retinas of WT and
APN-KO mice. No significant differences were observed in CD36 and aP2 mRNA levels
between the two strains, and pioglitazone upregulated CD36 and aP2 transcript levels in
ischemic retinas to similar extents in WT and APN-KO mice compared with vehicle (Figure
5C).

Discussion
Clinical and experimental studies have shown that TZDs suppress pathological vessel
formation in the retina 26-28. In the present study, we analyzed the effects of systemic TZD
(pioglitazone and rosiglitazone) administration on pathological microvessel formation in
retina in a mouse model of oxygen-induced retinopathy. The TZD-mediated suppression of
pathological neovascularization was accompanied by elevations in plasma adiponectin
levels, and mice lacking adiponectin were refractory to the therapeutic actions of TZDs in
ischemic retina. Recently, we reported that the protective effects of adiponectin on
pathological retinal vessel growth are mainly due to suppression of TNF-α production 29.
Here we show that pioglitazone suppresses TNF-α expression in ischemic retinas of wild-
type but not APN-KO mice. We also show that pioglitazone enhances plasma adiponectin
levels in TNF-α-KO mice but pioglitazone was ineffective at suppressing the lower levels of
pathological retinal neovascularization in this strain. Collectively, these data suggest that
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adiponectin upregulation mediates the beneficial actions of pioglitazone on ischemic
retinopathy in vivo, and that the suppression of TNF-α by adiponectin is a mechanistic link
in the action of this drug.

TNF-α is a major pro-inflammatory cytokine that promotes insulin resistance and diabetic
vasculopathy 35-37. Accumulating evidence indicates that adiponectin negatively regulates
TNF-α production in various disease states. APN-KO mice exhibit increased injury and
TNF-α production in the heart following ischemia-reperfusion 22. Adiponectin-deficiency
also contributes to exacerbation of diet-induced insulin resistance, which is associated with
elevated TNF-α levels in adipose tissue 23. Conversely adiponectin supplementation reduces
TNF-α expression in the vasculature of atherosclerotic mice and in the liver in a mouse
model of steatosis 38, 39. Therefore, adiponectin-mediated inhibition of TNF-α represents an
anti-inflammatory signaling axis in multiple target organs that leads to improvement of
tissue injury.

TZDs have been shown to protect against pathological inflammation and tissue injury
through suppression of pro-inflammatory genes, including TNF-α 36. It has been shown that
inhibition of TNF-α largely contributes to the effects of TZD on inflammatory responses in
adipose tissue by analysis of mice lacking TNF-α function 37. These findings are consistent
with our observations showing that the retinal protection by pioglitazone is largely
dependent on the suppression of TNF-α by adiponectin. Thus, it is tempting to speculate the
therapeutic actions of TZDs in these different systems result in large part from the abilities
of these drugs to influence the adiponectin-TNF-α regulatory axis.

Several in vitro studies show that adiponectin suppresses agonist-stimulated TNF-α
production in multiple cell types. Adiponectin has been shown to block the increase in TNF-
α expression in response to LPS in adipocytes and cardiac cells 22, 40. Adiponectin also
reduces TNF-α production following LPS stimulation in macrophages through its ability to
suppress nuclear factor κB activity 41, 42. Furthermore, adiponectin stimulates apoptotic
body clearance by macrophages, leading to a reduction of TNF-α levels 43. Because TNF-α
in ischemic retina has shown to be produced mainly by macrophage and macrophage-like
microglia 31, the resolution of retinal vascular injury by adiponectin may be largely
attributed to suppression of TNF-α in retinal macrophages.

In our study, treatment of neonatal WT mice with TZDs (10mg/kg/day) resulted in an
increase in adiponectin level (∼2 fold increase), which is comparable with the adiponectin
induction in adult obese mice following TZD treatment 20, 21. TZDs upregulate adiponectin
expression in adipocytes through a number of mechanisms that are stimulated by PPARγ.
TZDs stimulate adiponectin gene transcript in cultured adipocytes and in adipose tissues of
obese mice in a PPARγ-dependent mechanism 19, 44, 45. TZDs are also reported to promote
secretion of adiponectin from adipocytes 46. Recent studies have shown that TZDs promote
the induction of ER chaperones, Ero1-Lα, ERp44 and DsbA-like protein, that are crucial for
adiponectin secretion 47, 48.

It has been demonstrated that TZD treatment promotes AMPK activation in liver of obese
mice in an adiponectin-dependent manner 20, 21. Consistent with these findings, we report
that pioglitazone treatment leads to AMPK activation in ischemic retina of WT mice but not
APN-KO mice. Likewise, we found that pioglitazone induced PPARα expression in WT but
not APN-KO mice. Thus, adiponectin upregulation by adipocytes mediates the ability of
pioglitazone to control a broad regulatory network in retina that can contribute to the
resolution of vascular dysfunction and inflammation 33, 49. However, the causal
relationships between TNF-α expression and activation of PPARα or AMPK have not been
established, and the role of these signaling proteins in ischemic retinopathy is not known.
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Finally, in contrast to AMPK and PPARα, the genetic ablation of adiponectin did not affect
the pioglitazone-induced expression of other PPARγ-responsive genes in retina, including
CD36 and aP2. Collectively, these data indicate that TZDs exert both direct and indirect
actions on retina. However, our study indicates that it is the indirect action of TZDs, via
increased adiponectin expression by adipocytes, that mediates their beneficial actions on
ischemic retina.

Previous experimental studies and our current data suggest that TZD therapy may be
therapeutically beneficial for diseases of retinal inflammation and vascular dysfunction 27,
28. In this context, rosiglitazone therapy is shown to delay onset of diabetic proliferative
retinopathy and reduce loss of visual acuity26. However, a recent study has shown that TZDs
are associated with a moderately increased risk of diabetic macular edema 50. TZD treatment
also leads to increases in circulating VEGF levels in diabetic subjects, which might
exacerbate pathological retinal neovascularization 51. Thus, additional studies will be
required to assess the safety and efficacy of TZDs for the treatment of diabetic retinal vessel
disorders.

In conclusion, our study shows that systemic administration of pioglitazone protects against
ischemic retinal injury by negatively regulating TNF-α expression. The ability of
pioglitazone to suppress TNF-α expression and pathological neovascularization in ischemic
retina in vivo is mediated through the upregulation of the anti-inflammatory adipokine
adiponectin. Thus, pioglitazone treatment, or other approaches that stimulate adiponectin
production, should be investigated further to assess their potential usefulness for the
treatment of ischemia-induced retinal microvessel disease.
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Figure 1.
Pioglitazone suppresses pathological retinal neovascularization during ischemia in WT
mice. A, Representative photographs of isolectin-stained retinas of WT mice treated with or
without pioglitazone (PIO) at P17 are shown. A protocol for mouse model of oxygen-
induced retinopathy is shown in an upper panel. Mice at P7 were reared in 75 % oxygen
(hyperoxia) for 5 days followed by room air for 5 days. Pioglitazone or vehicle was
administered to mice by gavage from P7 to P17. Retinas at P17 were stained with
fluoresceinated isolectin B4. Vascular obliteration area is highlighted in blue. Neovascular
tuft area is highlighted in yellow. Magnification, ×5. B and C, Quantification of retinal
neovascularization (B) and vascular obliteration (C) in vehicle (n=15)- or pioglitazone (PIO,
n=19)-treated WT mice at P17. Neovascular and vascular obliteration areas were quantified
by comparing the number of pixels in the neovascular tuft and vascular obliteration areas,
respectively with the total number of pixels in the retina. Data are presented as mean ±
SEM.
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Figure 2.
Involvement of adiponectin induction in suppression of pathological vessel formation by
pioglitazone. A, Upregulation of adiponectin by pioglitazone during ischemic retinopathy.
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Pioglitazone (PIO, n=10) or vehicle (n=8) was given to WT mice by gavage from P7 to P17.
Plasma adiponectin levels were determined by ELISA. *, P<0.05; **, P<0.01 vs. vehicle-
treated mice at P7. ***, P<0.01 vs. vehicle-treated mice. B, Administration of pioglitazone
has no effects on pathological retinal neovascularization in APN-KO mice. APN-KO mice
were subjected to ischemia-induced retinopathy. Pioglitazone (n=14) or vehicle (n=13) was
given to APN-KO mice from P7 to P17. Adenoviral vectors expressing adiponectin (Ad-
APN, n=9) or β-galactosidase (Ad-βgal, n=8) were delivered intravenously to APN-KO
mice at P10. Neovascular areas were measured at P17. C, Effect of rosiglitazone on
pathological neovascular formation in ischemic retina in WT and APN-KO mice. WT and
APN-KO mice were treated with rosiglitazone (ROS) or vehicle from P7 to P17 (n=8 in
each group). Results are presented as mean ± SEM. N.S., not statistically significant.
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Figure 3.
Effect of pioglitazone on TNF-α expression in ischemic retina in WT and APN-KO mice.
WT and APN-KO mice were treated with pioglitazone (PIO) or vehicle from P7 to P14. A,
TNF-α mRNA levels in retina of WT (vehicle: n=8, PIO: n=8) and APN-KO (vehicle: n=9,
PIO: n=9) mice at P14. TNF-α mRNA levels were determined by QRT-PCR analysis and
expressed relative to β-actin mRNA levels. B, TNF-α protein levels in ischemic retina in
WT (vehicle: n=6, PIO: n=6) and APN-KO (vehicle: n=6, PIO: n=6) mice at P14. Data are
presented as mean ± SEM.
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Figure 4.
Role of TNF-α-deficiency in pioglitazone-mediated retinal protection. A, Plasma
adiponectin levels of WT and TNF-α-KO mice after treatment with pioglitazone (PIO) or
vehicle. WT and TNF-α-KO mice in a background of C57BL/6/129 (B6/129) were
subjected to ischemia-induced retinopathy. Pioglitazone or vehicle was given to WT
(vehicle: n=8, PIO: n=9) and TNF-α-KO (vehicle: n=14, PIO: n=10) mice from P7 to P14.
Plasma adiponectin levels at P14 were determined by ELISA. B, Effect of pioglitazone on
pathological retinal neovascularization in TNF-α-KO mice. Pioglitazone or vehicle was
administered to WT (vehicle: n=14, PIO: n=13) and TNF-α-KO (vehicle: n=17, PIO: n=17)
mice from P7 to P17. Data are presented as mean ± SEM (n=13-20).
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Figure 5.
Contribution of adiponectin to pioglitazone-induced changes in PPARα expression and
AMPK signaling during ischemic retinopathy. Retinas were harvested from eyes of WT or
APN-KO mice after treatment with pioglitazone (PIO) or vehicle. A, Effect of pioglitazone
on PPARα expression in ischemic retina in WT (vehicle: n=8, PIO: n=8) and APN-KO
(vehicle: n=8, PIO: n=7) mice. PPARα mRNA levels at P14 were determined by QRT-PCR
methods and expressed relative to β-actin levels. B, Effect of pioglitazone on AMPK
signaling in ischemic retina in WT (vehicle: n=4, PIO: n=4) and APN-KO (vehicle: n=4,
PIO: n=4) mice. Phosphorylation of AMPK (P-AMPK) in retinas at P14 was determined by
western blot analysis. C, PPARγ-regulated gene expression in ischemic retina after
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treatment with pioglitazone. CD36 and aP2 mRNA levels in retina of WT (vehicle: n=8,
PIO: n=8) and APN-KO (vehicle: n=8, PIO: n=7) mice at P14 were analyzed by QRT-PCR
and expressed relative to β-actin levels. Data are presented as mean ± SEM.
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