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Kallistatin is a member of the serine proteinase inhibitor super-
family. Kallistatin levels have been shown to be decreased in the
vitreous while increased in the circulation of patients with diabetic
retinopathy (DR). Overactivation of the Wnt pathway is known to
play pathogenic roles in DR. To investigate the role of kallistatin
in DR and in Wnt pathway activation, we generated kallistatin
transgenic (kallistatin-TG) mice overexpressing kallistatin in multi-
ple tissues including the retina. In the oxygen-induced retinopathy
(OIR) model, kallistatin overexpression attenuated ischemia-
induced retinal neovascularization. In diabetic kallistatin-TG mice,
kallistatin overexpression ameliorated retinal vascular leakage, leuko-
stasis, and overexpression of vascular endothelial growth factor and
intracellular adhesion molecule. Furthermore, kallistatin overexpres-
sion also suppressed Wnt pathway activation in the retinas of the OIR
and diabetic models. In diabetic Wnt reporter (BAT-gal) mice,
kallistatin overexpression suppressed retinal Wnt reporter activity.
In cultured retinal cells, kallistatin blocked Wnt pathway activation
induced by high glucose and by Wnt ligand. Coprecipitation and
ligand-binding assays both showed that kallistatin binds to a Wnt
coreceptor LRP6 with high affinity (Kd = 4.5 nmol/L). These obser-
vations suggest that kallistatin is an endogenous antagonist of
LRP6 and inhibitor of Wnt signaling. The blockade of Wnt signaling
may represent a mechanism for its antiangiogenic and antineuro-
inflammatory effects. Diabetes 62:4228–4238, 2013

A
number of natural antiangiogenic factors or
angiogenic inhibitors have been identified (1).
These endogenous angiogenic inhibitors include
several proteins in the serine proteinase in-

hibitor (SERPIN) superfamily, such as pigment epithelium-
derived factor (PEDF), a1-antitrypsin (AAT), and kallistatin
(SERPINA4) (2–4). Kallistatin was first identified as a se-
creted, specific inhibitor of tissue kallikrein (5). Later,
kallistatin displayed novel functions independent of its
interaction with tissue kallikrein, including inhibition of
angiogenesis and tumor growth (4). Like other SERPIN
members, kallistatin is expressed not only in the liver but

also in the heart, kidney, retina, blood vessels, and many
other tissues and cell types (6). The broad tissue distribution
of kallistatin suggests that it may confer multiple functions
such as regulation of cardiovascular function and blood
vessel development (7). The retina is a specialized, vascu-
larized tissue and direct extension of the central nervous
system. We previously found that the vitreous levels of
kallistatin were significantly reduced in patients with di-
abetic retinopathy (DR), compared with that in nondiabetic
control patients (8). This finding suggests that decreased
vitreous levels of kallistatin may contribute to a proangiogenic
and proneuroinflammatory environment in DR. Interestingly,
similar to other SERPINs, such as PEDF and plasminogen
activator inhibitor-1 (SERPINE1), serum kallistatin levels are
increased in type 1 diabetic patients and correlate with the
presence of microvascular complications (9). This paradox-
ical trend reflects the need to study the local tissue effects of
various SERPINs, since circulation levels of a protein do not
always parallel vitreous levels in diabetes. Taken together,
these findings suggest a potential role of kallistatin in mod-
ulation of microvasculature in diabetic tissues.

Recent evidence suggests that the Wnt pathway medi-
ates inflammatory responses and modulates angiogenesis
during development and under disease conditions (10,11).
The roles of Wnt signaling in some pathological conditions
associated with abnormal neovascularization have been
reported. Mutations in components of the Wnt signaling
pathway are known to cause several hereditary vascular
disorders and defective retinal vascular development (12,13).
Further, Wnt signaling upregulates expression of a number of
angiogenic and inflammatory factors. Our recent study
showed that overactivation of Wnt signaling plays pathogenic
roles in diabetic microvascular complications (14).

In the current study, we generated transgenic mice that
overexpress and secrete human kallistatin in multiple tis-
sues, with high levels in the retina, and investigated the
impacts of kallistatin on ischemia-induced retinal neo-
vascularization, diabetes-induced retinal neuroinflammation,
and Wnt signaling activation.

RESEARCH DESIGN AND METHODS

Generation and characterization of kallistatin-transgenic mice. The
transgenic mice were generated through a contracted service at Transgenic
Animal Facility at Stanford University and confirmed by genotyping with PCR
using a forward primer (59-AGG GAA GAT TGT GGA TTT GG-39) and a reverse
primer (59-ATG AAG ATA CCA GTG ATG CTC-39) specific for the human
kallistatin cDNA. Retinal structure and function were examined by histology
and electroretinography (ERG) analysis.
Retinal angiography. Retinal angiography was performed as previously de-
scribed (15). Briefly, mice were perfused with 20 mg/mL high–molecular
weight (2 3 106) fluorescein isothiocyanate (FITC)-dextran (Sigma, St. Louis,
MO). The eyes were fixed and the retina flat mounted. The nonperfused area
was measured in the retina using ImageJ software.
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Quantification of preretinal vascular cells. Preretinal vascular cells were
quantified as previously described (16). Retinal sections from mice with
oxygen-induced retinopathy (OIR) were stained with hematoxylin-eosin and
examined under a light microscope. The preretinal vascular nuclei were
counted in 8 discontinuous sections per eye.
Vascular permeability assay. Retinal vascular permeability was measured
using Evans blue as tracer as previously described (17). Briefly, Evans blue was
injected through the femoral vein (10 mg/kg body wt) under microscopic in-
spection. After 2 h circulation, the mice were perfused and the retina was
dissected. Evans blue dye in the retina was measured and normalized by total
protein concentrations.
Leukostasis assay. The assay was performed following a documented protocol
(18). Briefly, mice were perfused through the left ventricle to remove circulating
leukocytes in blood vessels. The adherent leukocytes in the vasculature were
stained by perfusion with FITC-conjugated concanavalin-A (40 mg/mL; Vector
Laboratories, Burlingame, CA) and counted in retinal flat mounts.
ELISA, Western blot analysis, and immunoprecipitation. Intracellular
adhesion molecule (ICAM)-1, vascular endothelial growth factor (VEGF), and
human kallistatin were measured using ELISA kits purchased from R&D
Systems (Minneapolis, MN), and an ELISA kit for both mouse and human
kallistatin was purchased from Sino Biological (Beijing, China) according to
the manufacturer’s instructions.

Western blot analysis was performed as described previously (19). For
immunoprecipitation assays, purified protein, human serum, supernatants of
cell lysates, and conditioned media were mixed. Protein G agarose resin
(Roche Applied Science, Indianapolis, IN), Ni-NTA resin (Novagen, Darmstadt,
Germany), or the Myc-tag antibody–conjugated resin (Thermo, Rockford, IL)
was added to the cell lysates or conditioned medium following the manu-
facturer’s protocol.
Flow cytometry. Animals were perfused with sterile PBS to remove non-
adherent cells from the blood vessels. The retinas were immediately har-
vested and made into single cell suspensions. For blocking of nonspecific
binding, anti-mouse CD16/32 was applied according to the manufacturer’s
instructions. Isotype controls were included for all of the immunolabeling
with FITC-anti-mouse CD45 (BioLegend, San Diego, CA), Brilliant-Violent
421-anti-mouse CD11b (BioLegend), PE-anti-Gr-1 (BioLegend), FITC-anti-
mouse-CD3 (BioLegend), and PE-anti-mouse-CD19 (BioLegend). Once set-
tings were optimized, samples were run on a Stratedigm flow cytometer
(San Jose, CA), and data were analyzed using FlowJo (Ashland, OR), where
gates and instrument settings were defined and set according to back-gating
analysis and forward and side scatter characteristics. Leukocyte pop-
ulations were included and gated based on size to exclude dead or clumped
cells.
Protein, plasmid, conditioned medium, transfection, and TOPFLASH

assay. His-tagged kallistatin (KS-HIS) and LDL receptor–related protein ex-
tracellular domain with a His tag (LRP6N-HIS) were expressed using the
pTriE31.1 vector (Novagen, Darmstadt, Germany). LRP6 with a myc tag
(LRP6N-Myc) was expressed in the Pcs2+ vector (Novagen), and the TOPFLASH
vector was constructed as previously described (20). The TOPFLASH and
Renilla luciferase pRL-TK vectors were transfected into the cells, and
TOPFLASH activity was measured using the dual luciferase assay (Promega,
Madison, WI) and normalized by R. luciferase activity.
Statistical analysis. Student t test was used for comparison between two
groups. ANOVA was used to compare three or more groups. Statistical sig-
nificance was accepted when the P value was ,0.05.

RESULTS

Generation of transgenic mice overexpressing kallistatin.
The kallistatin transgene construct contained the full-
length human kallistatin cDNA under the control of the
chicken b-actin promoter (Supplementary Fig. 1A). All of
the kallistatin transgenic (kallistatin-TG) mice used in this
study were confirmed by genotyping. The kallistatin trans-
gene expression was confirmed by ELISA using the serum
from kallistatin-TG mice (Supplementary Fig. 1B). As shown
by ELISA, the kallistatin transgene was highly expressed in
the retina of 4-month-old kallistatin-TG mice (Supple-
mentary Fig. 1C). We measured endogenous retinal mouse
kallistatin using ELISA that detects both mouse and hu-
man kallistatins to clarify that the levels of total kallistatin
levels in the transgenic mice are within reasonable range
above endogenous mouse kallistatin (approximately four-
fold) (Supplementary Fig. 1D).

For determination of whether kallistatin overexpression
in the retina affects retinal development, ocular sections
from WT and kallistatin-TG mice were examined by mi-
croscopy. At 4 months of age, there were no detectable
differences in the histological structure or the nuclear
layers of the retinas between WT and kallistatin-TG mice
(Supplementary Fig. 2A).

As measured by optical coherence tomography, the
average retinal thickness in kallistatin-TG mice was not
significantly different from that in age-matched WT mice
(Supplementary Fig. 2B). Furthermore, there were no sig-
nificant differences in the dark-adapted (scotopic or rod
associated) or light-adapted (photopic or cone associated)
ERG responses between WT and kallistatin-TG mice
(Supplementary Fig. 2C). Overall, these results suggest
that kallistatin-TG mice do not manifest structural or
functional defects in the retina under normal conditions.
Kallistatin overexpression inhibits retinal neovascula-
rization in the OIR model. The impact of kallistatin over-
expression on ischemia-induced retinopathy was evaluated
using the OIR model (16). After kallistatin-TG and WT mice
were exposed to 75% oxygen from postnatal day 7 (P7) to
P12, the retinal vasculature was examined at P18. Com-
parison of retinal vasculature showed that the retinas in
kallistatin-TG mice with OIR developed less severe retinal
neovascularization compared with WT mice with OIR (Fig.
1A). As enlarged nonperfused area is known to correlate
with severity of retinopathy in the OIR model, we also
quantified nonperfused area in retinal whole mounts
using a computer-based measurement. The results showed
that kallistatin-TG mice with OIR had significantly smaller
nonperfused areas compared with WT mice with OIR
(Fig. 1B).
Preretinal neovascularization and retinal proinflam-
matory cytokines are reduced in kallistatin-TG mice
with OIR. Preretinal neovascularization is a characteristic of
ischemia-induced neovascularization in the OIR model and
humans with proliferative DR (16,21). The retinal neo-
vascular cells growing into the vitreous space were counted
following an established method (16). The results showed
that kallistatin-TG mice with OIR developed significantly
fewer neovascular cells in the vitreous compared with WT
mice with OIR at P18 (Fig. 1C and D).

Previous studies have shown that retinal neuro-
inflammation is an important feature of OIR and human
DR (22,23). For examination of retinal neuroinflammation,
retinal levels of VEGF and ICAM-1 were measured by ELISA.
The results showed that retinal levels of VEGF and ICAM-1
were significantly lower in kallistatin-TG mice with OIR
compared with in WT mice with OIR at P18 (Fig. 1E),
suggesting that kallistatin overexpression inhibits retinal
neuroinflammation induced by OIR.
Kallistatin overexpression inhibits retinal neuroin-
flammation and vascular leakage in a genetic model of
type 1 diabetes. To examine the antineuroinflammatory
effect of kallistatin in DR, we genetically crossed kallistatin-
TG mice with Akita mice, a genetic model of type 1 diabetes,
to induce diabetes in kallistatin-TG mice (Akita3kallistatin-
TG). Akita3kallistatin-TG mice developed hyperglyce-
mia levels similar to Akita mice without the kallistatin
transgene. At 5 months of age, adherent leukocytes in
retinal vasculature were visualized using a leukostasis
assay, and the result showed that Akita mice had sig-
nificantly increased leukocytes adhering to the retinal
vasculature compared with WT mice (Fig. 2A and B). As
measured by ELISA, retinal levels of ICAM-1, an adhesion
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molecule responsible for leukostasis, were also significantly
elevated in the retina of Akita mice compared with WT mice
(Fig. 2C). In contrast, Akita3kallistatin-TG mice showed
significantly fewer leukocytes adhering to the retinal vas-
culature and had significantly lower ICAM-1 levels in the
retina compared with in age-matched Akita mice without
the transgene (Fig. 2A–C). Purified kallistatin downregulated
ICAM-1 expression in a concentration-dependent manner in
human retinal capillary endothelial cells (Supplementary
Fig. 3). As shown by flow cytometry, the CD11b+ leukocytes

were significantly elevated in Akita retinas after perfu-
sion, and Akita3kallistatin-TG mice had significantly
fewer CD11b+ leukocytes in the retina (Supplementary
Fig. 4A and B). Gr-1+ leukocytes, CD19+ B lymphocytes,
and CD3+ T lymphocytes were not significantly increased
in Akita retinas (Supplementary Fig. 4C–H).

As the blood-retinal barrier breakdown in diabetes is
a major cause of diabetic retinal edema, we measured
retinal vascular leakage using the permeability assay. At 5
months of age, Akita mice showed significantly increased

FIG. 1. Alleviated retinal neovascularization and retinal neuroinflammation in the kallistatin-TG mice with OIR. Kallistatin-TG and WT mice were
exposed to 75% oxygen from P7 to P12. Angiography was performed using FITC-dextran at P18 and with the retina flat mounted. A: Representative
retinal angiographs from the eyes of WT and kallistatin-TG mice with OIR. The white arrows indicate neovascular tufts in the retina. The white
dotted line outlines a vascular area in the central retinal. Scale bar: 100 mm. B: Quantification of nonperfused area. Retinal nonperfused area was
semiquantified using ImageJ software and expressed as % of the whole area of the retina. n = 6–9. At P18, the eyes of kallistatin-TG and WT mice
with OIR were fixed, sectioned, and stained with H-E. C: Representative retinal sections from WT and kallistatin-TG mice with OIR. Arrows in-
dicate preretinal vascular cells. Scale bar: 50 mm. D: Preretinal vascular cells were quantified and compared between WT and kallistatin-TG mice
with OIR. n = 8. E: Retinal levels of VEGF and ICAM-1 were measured with ELISA and expressed as percentages of the respective WT control. n = 8.
All values are mean 6 SD. *P < 0.05, ***P < 0.001.
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retinal vascular permeability and increased retinal
VEGF levels compared with WT mice (Fig. 2D and E).
Akita3kallistatin-TG mice showed significantly re-
duced retinal vascular leakage and VEGF levels com-
pared with age-matched Akita mice (Fig. 2D and E).
Taken together, these results support the antineuroin-
flammatory effect of kallistatin.
Kallistatin inhibits Wnt signaling in the retina of OIR
mice and diabetic mice. Our previous studies showed
that aberrant activation of the canonical Wnt pathway plays
an important pathogenic role in retinal neovascularization
and neuroinflammation in both OIR and diabetic animal
models (14). To evaluate the effects of kallistatin on the Wnt
signaling pathway activation induced by OIR and diabetes,
we examined LRP6 and nonphosphorylated b-catenin (non-
pi-b-catenin) levels in the retinas with OIR and diabetic mice
using Western blot analysis. The results revealed that LRP6
and non-pi-b-catenin levels were significantly lower in the
retina of kallistatin-TG mice with OIR compared with in WT
mice with OIR, suggesting a suppressed Wnt signaling ac-
tivity (Fig. 3A and C).

Furthermore, Western blot analysis showed that LRP6
and non-pi-b-catenin levels in the retinas were increased
in the Akita mice at 5 months of age compared with

age-matched WT mice (Fig. 3B and D), consistent with
our previous report that the Wnt signaling pathway is
activated in DR (14). In contrast, Akita3kallistatin-TG
mice at the same age have significantly lower LRP6 and
non-pi-b-catenin levels in the retina compared with Akita
mice (Fig. 3B and D). These findings indicate that kallistatin
inhibits retinal Wnt signaling induced by diabetes.

For further confirmation that kallistatin blocks the Wnt
pathway in vivo, we measured the transcriptional activity
of b-catenin in the retina using reporter mice. We crossed
kallistatin-TG mice with BAT-gal reporter mice, which
express the b-galactosidase reporter gene under the control
of a promoter containing T-cell factor (TCF)/b-catenin–
binding sites (BAT-gal3kallistatin-TG). Diabetes was in-
duced in the BAT-gal mice and BAT-gal3kallistatin-TG mice
by injections of streptozocin (STZ). Three months after the
onset of diabetes, the retinas were stained with X-gal to
evaluate the activity of b-galactosidase reporter. Diabetic
BAT-gal mice showed more intense X-gal staining in the
retina compared with nondiabetic BAT-gal mice, further
confirming the diabetes-induced activation of Wnt signaling
in the retina. Under the same conditions, diabetic BAT-
gal3kallistatin-TG mice showed reduced X-gal staining in
the retina compared with age-matched diabetic BAT-gal

FIG. 2. Decreased retinal neuroinflammation and retinal vascular leakage in diabetic kallistatin-TG mice. Akita mice and Akita3kallistatin-TG
mice at 5 months of age were used for leukostasis assay. A: Adherent leukocytes (arrow) were stained with FITC-conjugated concanavalin-A in the
retinal vasculature. The retinal vasculature and leukocytes were visualized in retinal flat mounts under a fluorescence microscope. Scale bar:
50 mm. B: Adherent leukocytes in the retinal vasculature were counted in age-matched WT, kallistatin-TG, Akita, and Akita3kallistatin-TG mice.
n = 7–10. C: Retinal levels of soluble ICAM-1 were measured by ELISA in age-matched WT, kallistatin-TG, Akita, and Akita3kallistatin-TG mice
and expressed as percentages of the respective WT control. D: Retinal vascular permeability of WT, kallistatin-TG, Akita, and Akita3kallistatin-
TG mice was measured using Evans blue as a tracer, normalized by retinal protein concentrations, and expressed as a percentage of the per-
meability in WT control. E: Retinal levels of VEGF-A were measured by ELISA in WT, kallistatin-TG, Akita, and Akita3kallistatin-TG mice and
expressed as percentages of the respective WT control. All values are mean 6 SD. *P < 0.05, **P < 0.01.
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mice (Fig. 3E), confirming that kallistatin overexpression
attenuated diabetes-induced activation of Wnt signaling in
the retina.
Kallistatin inhibits transcriptional activity of b-catenin
induced by Wnt ligand. For determination of whether
kallistatin has direct inhibition of Wnt signaling activated
by Wnt ligand, hTERT-RPE-1 cells were cotransfected with
kallistatin expression vector with the TOPFLASH vector,
which expresses a luciferase reporter gene under the
control of a promoter containing TCF/b-catenin–binding
sites. As shown by luciferase assay, the cells transfected
with a plasmid expressing kallistatin inhibited transcrip-
tional activity of b-catenin in a concentration-dependent

manner (Fig. 4A). Additionally, the transfected cells were
treated with Wnt3a conditioned medium (WCM) after the
transfection of the kallistatin expression plasmid and
TOPFLASH vector, with L cell–conditioned medium (LCM)
as control (Fig. 4B). The Wnt3a-induced TOPFLASH ac-
tivity was also inhibited by kallistatin expression vector
in a concentration-dependent manner (Fig. 4B).

We also evaluated the inhibitory effect of kallistatin on
Wnt signaling induced by transfection of LRP6 expression
plasmid (1 mg). The expression plasmids of LRP6 and
kallistatin were cotransfected into HEK293T cells, which
express low levels of endogenous LRP6. The transfected
cells were then treated with WCM for 24 h, with LCM as

FIG. 3. Kallistatin blocks Wnt signaling in the retina with OIR and diabetic mice. A: LRP6 and non-pi-b-catenin in the retinas of WT and kallistatin-
TG mice without or with OIR were measured by Western blot analysis. B: LRP6 and non-pi-b-catenin in the retinas of WT, kallistatin-TG, Akita, and
Akita3kallistatin-TG mice were measured by Western blot analysis. C and D: The Western blotting results were semiquantified by densitometry,
normalized by b-actin levels, averaged in three independent experiments, and expressed as % of the respective WT control. All values are mean 6
SD. n = 9. *P < 0.05, **P < 0.01. E: X-gal staining of retinal sections in BAT-gal mice. Retinas from nondiabetic BAT-gal (as control) mice, STZ
diabetic BAT-gal mice, and diabetic BAT-gal3kallistatin-TG mice were harvested at 3 months post–induction of diabetes. The retinas were fixed
for 30 min and then incubated at 37°C overnight in X-gal staining solution and sectioned according to the manufacturer’s instructions. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar: 100 mm.
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control. TOPFLASH activities were significantly increased
by transfection of LRP6 and treatment of Wnt3a, which
was attenuated by kallistatin expression in a concentration-
dependent manner (Fig. 4C). Furthermore, hTERT-RPE-1
cells were treated with various concentrations of purified
kallistatin protein after transfection with the TOPFLASH
vector. The TOPFLASH activity was also inhibited by
kallistatin protein in a concentration-dependent manner
(Fig. 4D). These results indicate that kallistatin inhibits
Wnt signaling induced by LRP6 overexpression and by
Wnt3a.

In addition to RPE cells, retinal Müller cells and en-
dothelial cells are known to play important roles in DR
(24,25). To further confirm that kallistatin inhibits Wnt
signaling in Müller cells and endothelial cells, we used
lentiviral infection to deliver the TCF/lymphoid enhancer
factor–responsive elements (driving luciferase expres-
sion) into human Müller cells (HMCs) and human retinal
capillary endothelial cells. The cells were then treated to
WCM to activate Wnt signaling, with LCM as control.
Purified kallistatin was added to the culture medium simul-
taneously. WCM-induced TOPFLASH activity was inhibited

by kallistatin protein in a concentration-dependent manner
(Supplementary Fig. 5).

For determination of whether kallistatin also inhibits
Wnt signaling activated intracellularly, LiCl, a glycogen
synthase kinase (GSK)-3b inhibitor, was used to activate
Wnt signaling at the level of GSK-3b. hTERT-RPE-1 cells
were treated with 10 mmol/L LiCl or 10 mmol/L NaCl (as
control) after transfection with the TOPFLASH vector and
different amounts of the plasmid expressing kallistatin or
treated with 0.6 mmol/L purified kallistatin protein. As
shown by luciferase assay, LiCl-induced activation of
b-catenin was not inhibited by the kallistatin expression
vector or by purified kallistatin protein (Supplementary
Fig. 6). These findings suggest that kallistatin inhibits the
Wnt pathway at the extracellular or the receptor level.
Kallistatin blocks Wnt signaling and downregulates
Wnt target genes induced by high glucose and Wnt
ligand in cultured retinal cells. For evaluation of the
direct effect of kallistatin on Wnt pathway activation induced
by Wnt ligand or high glucose, ARPE19 cells were exposed
to high-glucose medium (30 mmol/L D-glucose) (HG) or 20%
WCM. As shown by Western blot analysis using an antibody

FIG. 4. Kallistatin inhibits TOPFLASH activity induced by Wnt3A and LRP6. A: hTERT-RPE-1 cells were transfected with the TOPFLASH vector
and 0.1 and 0.3 mg of a kallistatin (KS) expression vector. Total DNA concentration in each well was brought to the same by addition of an empty
vector. TOPFLASH activity was measured using luciferase assay. B: The cells were transfected with 0.1 and 0.3 mg kallistatin expression vector
and then exposed to WCM for 24 h, with the same volume of LCM as control. TOPFLASH activity was measured using luciferase assay. C: HEK293T
cells were transfected with the TOPFLASH vector and the kallistatin expression plasmid or empty control vectors. TOPFLASH activity was in-
duced by transfection of expression plasmid of LRP6 (1 mg) and by the LRP6 expression plasmid plus WCM. TOPFLASH activity was measured
using luciferase assay. D: hTERT-RPE-1 cells were transfected with the TOPFLASH vector. The cells were exposed to LCM or WCM for 24 h,
incubated with different concentrations of purified kallistatin protein. TOPFLASH activity was measured using luciferase assay. All values are
mean 6 SD. n = 6. *P < 0.05, **P < 0.01.
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specific for phosphorylated LRP6 (pi-LRP6), phosphor-
ylation of LRP6 was induced by 24-h treatment of HG or
WCM compared with that in control cells exposed to
L-glucose medium (LG) (5 mmol/L D-glucose and 25 mmol/L
L-glucose) or control LCM (Fig. 5A and C). Purified
kallistatin (0.6 mmol/L) decreased the pi-LRP6 levels
induced by HG and WCM (Fig. 5A–D)

Tumor necrosis factor (TNF)-a and VEGF are known
to be regulated by the Wnt signaling pathway and play
crucial roles in neuroinflammation and angiogenesis (26).
As shown by Western blot analysis in ARPE19 cells,

overexpression of TNF-a and VEGF induced by HG was
attenuated by purified kallistatin protein in a concentration-
dependent manner (Fig. 5E and F). Taking together, these
results suggest that kallistatin directly inhibits Wnt path-
way activation and downregulates its target genes, which
may represent a major mechanism by which kallistatin
inhibits neuroinflammation and angiogenesis.
Kallistatin binds to LRP6 with high affinity. To reveal
possible interactions of kallistatin with LRP6 on the cell
surface, we incubated human serum, which contains high
levels of kallistatin, overnight with conditioned medium

FIG. 5. Kallistatin (KS) inhibits Wnt signaling induced by high glucose and Wnt ligand. A: ARPE19 cells were exposed to HG with 0.6 mmol/L
purified kallistatin protein for 24 h, with LG as control. pi-LRP6 and total LRP6 were measured by Western blot analysis. C: The cells were exposed
to WCM with 0.6 mmol/L purified kallistatin for 24 h, with LCM as control. pi-LRP6 and total LRP6 were measured using Western blot analysis.
E: The cells were exposed to HG with 0, 10, 100, and 1,000 nmol/L purified kallistatin protein for 24 h, with LCM as control. Total protein con-
centrations in each well were brought to the same level by the addition of BSA. TNF-a and VEGF were measured by Western blot analysis. B,D, and
F: The Western blots shown in A, C, and E were semiquantified by densitometry, normalized by b-actin levels, and expressed as % of the LCM or
LG control. All values are mean 6 SD. n = 6. *P < 0.05, **P < 0.01. W1KS, Wnt-conditioned media 1 kallistatin.
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overexpressing LRP6N-Myc. LRP6N-Myc was then immu-
noprecipitated with an anti-Myc antibody. As shown by
Western blot analysis of the precipitated proteins, kallistatin
in the human serum was coprecipitated with LRP6N-Myc
(Fig. 6A), indicating that kallistatin binds to LRP6N.

For further confirmation of the interactions between
kallistatin and LRP6, purified kallistatin-HIS protein was
incubated with conditioned medium containing Myc-tagged
extracellular domain of LRP6 (LRP6N-Myc) overnight,
and kallistatin-HIS was pulled down using Ni-agarose. The
results showed that LRP6N-Myc was coprecipitated with
purified kallistatin-HIS (Fig. 6B) (purity of kallistatin-HIS
purified protein shown in Supplementary Fig. 7).

For confirmation that the interactions between LRP6
and kallistatin are specific, conditioned media containing
either the cysteine-rich domain of the Frizzled 8 receptor
(Fz8CRD with a human IgG-tag) or the extracellular do-
main of LDL receptor (LDLRN-Myc), a receptor in the
same family of LRP6, were separately incubated with
kallistatin-HIS–conditioned medium. Kallistatin-His was
pulled down by Ni-agarose, and the precipitates and input
samples were immunoblotted with anti-IgG, anti–Myc tag
and anti–HIS tag antibodies. Neither Fz8CRD-IgG nor
LDLRN-Myc was coprecipitated with kallistatin-HIS (Fig.
6C and D). To further confirm that the binding of kallistatin
and LRP6 was not through the HIS tag, recombinant

FIG. 6. Kallistatin specifically binds to the extracellular domain of LRP6 with high affinity. A: The human serum was incubated with the conditioned
medium expressing LRP6N-Myc followed by immunoprecipitation using the anti–Myc-tag antibody–conjugated resin. Precipitates and input sam-
ples were immunoblotted (IB) with anti-kallistatin (KS), -albumin, and –Myc-tag antibodies. B: Immunoprecipitation was performed with the
Ni-NTA resin in LRP6N-Myc conditioned medium with or without recombinant KS-HIS. Precipitates and input samples were immunoblotted with
anti–Myc-tag and anti–HIS-tag antibodies to detect LRP6N-Myc and KS-HIS protein. C and D: Negative control for coimmunoprecipitation. Im-
munoprecipitation was performed with the Ni-NTA resin (Novagen, Madison, WI) in Fz8CRD-IgG (CRD domain of Fz-8 with human IgG tag) and
LDLRN-Myc–conditioned medium incubated with recombinant KS-HIS. Precipitates and input samples were immunoblotted with antibodies as
indicated to identify Fz8CRD-IgG, KS-HIS, and LDLRN-Myc proteins in the precipitates. E: ELISA plates were coated with conditioned medium of
LRP6N and LDLRN (negative control) overnight. Different concentrations of purified kallistatin were incubated in the wells. The signals were
developed using a Biotin-labeled secondary antibody for kallistatin and measured by absorbance at 450 nm using a microplate reader. The binding value
at each concentration was plotted after subtraction of that of nonspecific binding to LDLRN (mean 6 SD, n = 5).
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cellular retinol-binding protein with a HIS tag (CRBP-HIS)
was used for coprecipitation assay with LRP6 (Supple-
mentary Fig. 8). CRBP-HIS was not pulled down by LRP6.
These observations suggest that kallistatin specifically
binds to the extracellular domain of LRP6.

For determination of the binding affinity of kallistatin to
LRP6N, conditioned medium of LRP6N-Myc was used to
coat the wells of an ELISA plate overnight, and different
concentrations of purified kallistatin protein were incubated
in the wells followed by thorough washes to remove un-
bound kallistatin. A biotin-conjugated anti-kallistatin mono-
clonal antibody was incubated in the wells as the detection
antibody. Kallistatin displayed a concentration-dependent
and saturable binding to the extracellular domain of LRP6,
with a calculated Kd = 4.5 nmol/L (Fig. 6E). These results
support that kallistatin inhibits Wnt signaling via specific
binding to the extracellular domain of LRP6 with high
affinity.

DISCUSSION

Although decreased kallistatin levels in the vitreous from
human patients with DR were reported .10 years ago (8),
the role of kallistatin in DR was previously unknown. The
current study showed that overexpression of kallistatin in
the retina of transgenic mice attenuated ischemia-induced
retinal neovascularization, demonstrating its antiangiogenic
activities. Furthermore, overexpression of kallistatin ame-
liorated diabetes-induced retinal leukostasis and vascular
leakage. With regard to a mechanism of action, our results
demonstrated that kallistatin inhibits the ischemia or
diabetes-induced Wnt/b-catenin signaling pathway activa-
tion, which has been shown to play a key pathogenic role
in DR (14). Further, our results showed that kallistatin
inhibits Wnt signaling via antagonizing LRP6. These find-
ings identified kallistatin as a novel, endogenous inhibitor
of Wnt signaling and suggest that the decreased retinal
levels of kallistatin in diabetes may be responsible, at least
in part, for Wnt pathway activation, neovascularization, and
neuroinflammation in DR.

Kallistatin was originally identified as an inhibitor of
tissue kallikrein (5). Kallistatin was later found to inhibit
ischemia-induced limb angiogenesis, and this anti-
angiogenic activity is independent of its interactions with
the tissue kallikrein-kinin system (27). In previous stud-
ies, we have reported that kallistatin levels are decreased
in the vitreous of patients with DR (8). Accumulating evi-
dence showed that the disturbed balance between proan-
giogenic factors and antiangiogenic factors in the retina is
responsible for pathological retinal neovascularization in
DR (28–30). Here, we hypothesized that the decreased lev-
els of kallistatin in DR may disturb the balance between
proangiogenic factors and antiangiogenic factors, contrib-
uting to retinal neovascularization in DR. To test the hy-
pothesis, we generated transgenic mice overexpressing
kallistatin in multiple tissues including the retina. This
overexpression strategy resulted in no overt behavioral or
developmental abnormalities and no detectable differences
in retinal vascular density or distribution between WT and
kallistatin-TG mice under normal conditions (Supplemen-
tary Fig. 9), suggesting that overexpression of kallistatin in
the retina did not affect retinal structure and function (as
measured by ERG) under normal conditions. This feature is
similar to the results of PEDF transgenic and PEDF
knockout mice, which lack overt retinal phenotypes under
normal conditions (31).

OIR is a commonly used model of ischemia-induced
retinal neovascularization (16,32). Previous studies
showed that increased proangiogenic factors and decreased
antiangiogenic factors play a key role in ischemia-induced
retinal neovascularization in the OIR model (28). The cur-
rent study demonstrates that endogenous overexpression of
kallistatin in transgenic mice ameliorated retinal neo-
vascularization in OIR. Consistently, high levels of kallista-
tin also attenuated the overexpression of VEGF in the OIR
retina. These findings provide the evidence that endoge-
nously expressed kallistatin confers its antiangiogenic ac-
tivity in the retina, likely through restoring the balance
between proangiogenic factors and antiangiogenic factors.

In the OIR model, there are two phases of blood vessel
alterations: hyperoxia-induced vessel obliteration in P7–
P12 and later ischemia-induced neovascularization in P12–
P17 (16,33). The hyperoxia-induced vessel obliteration
results in enlarged nonperfusion area in the central retina,
a pathological feature characteristic of the OIR model
(16,33). Kallistatin displayed dual effects in the OIR model,
as it reduced nonperfusion area in the central retina, while
inhibiting neovascularization in the peripheral retina. The
dual effects have also been reported in other endogenous
antiangiogenic factors (31,34–36). Although the mechanism
responsible for dual effects of these antiangiogenic factors
in the OIR retina is unclear, previous studies suggest that
these antiangiogenic factors may reduce hyperoxia-induced
vessel obliteration in OIR. Based on previous reports that
oxidative stress and vascular inflammation contribute to the
vessel obliteration in the OIR model (34,37), we propose
that the effect of kallistatin in reducing nonperfusion area
may be ascribed to its antioxidant activity (38).

DR, a common microvascular complication of diabetes,
is a chronic neuroinflammatory disorder, as shown by
overexpression of proinflammatory factors, leukocyte ad-
herence, and infiltration (39). Leukocyte adherence has
been shown to impair the endothelium, leading to the
blood-retina barrier breakdown and vascular leakage (40).
Here, we showed significantly increased leukostasis and
vascular leakage in the retina of Akita mice, a type 1 di-
abetes model, consistent with previous reports (41). When
diabetes was induced in kallistatin-TG mice, high levels of
kallistatin in the retina attenuated leukostasis and reduced
retinal vascular leakage in the Akita model. A recent study
found that the major leukocyte subset responsible for di-
abetic leukostasis in STZ-induced diabetic mice is the
CD11b+ leukocytes (presumed to be monocytes) but not
Gr-1+ leukocytes or CD3+ T-cells (42). We investigated
whether the CD11b+ monocyte was the major cell type
involved in leukostasis in the Akita diabetic retina using
flow cytometry. Our results confirmed that Akita mice
have a significant increase in CD11b+ leukocytes, but no
detectable change was observed in Gr-1+ leukocytes,
CD19+ B lymphocytes, or CD3+ T lymphocytes. Most im-
portantly, we found that Akita3kallistatin-TG mice had
a significant reduction in the CD11b+ leukocytes in the
retina, suggesting that the major cell type reduced in the
leukostasis assay is the CD11b+ leukocytes. It is thought
that CD11b might be an important binding protein of
ICAM-1 (42–44), and downregulation of endothelial ICAM-1
levels by kallistatin might result in the reduction of ad-
herent CD11b+ leukocytes in the diabetic Akita3kallistatin-
TG retina. Taken together, the downregulation of VEGF
and ICAM-1 expression by kallistatin indicates a previously
undocumented antineuroinflammatory activity of this SERPIN
member.
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The canonical Wnt pathway is known to mediate mul-
tiple processes including inflammation, angiogenesis, and
fibrosis via activation of transcription of multiple in-
flammatory, angiogenic, and fibrogenic factors (45). Our
previous study demonstrated upregulated levels of phos-
phorylated LRP6 and b-catenin accumulation in the retina
of patients with DR and in OIR and diabetic models (14).
To further confirm diabetes-induced Wnt signaling activa-
tion in the retina, we first induced diabetes in Wnt reporter
mice, BAT-gal mice, commonly used reporter mice for Wnt
signaling activation (46). Consistent with increased phos-
phorylation of LRP6 and b-catenin accumulation demon-
strated previously (14), BAT-gal mice with diabetes
showed more intense X-gal staining in the retina compared
with nondiabetic BAT-gal mice, providing a direct evi-
dence of diabetes-induced Wnt signaling in the retina. To
investigate whether the antiangiogenic and antineuroin-
flammatory activities of kallistatin are through interactions
with the Wnt pathway in vivo, we crossed the kallistatin-
TG mice with the BAT-gal reporter mice. After induction of
diabetes, kallistatin-TG mice showed substantially reduced
BAT-gal reporter signal compared with diabetic BAT-
gal mice in WT background, suggesting suppression of
diabetes-induced Wnt signaling by kallistatin. This finding
suggests that endogenous expression of kallistatin can
inhibit Wnt/b-catenin activation in the retina during DR.
The Wnt pathway has been shown to regulate inflamma-
tion, angiogenesis, and fibrosis through upregulation of
b-catenin target genes such TNF-a, ICAM-1, VEGF, and
CTGF and, thus, is believed to play a key role in DR
(19,47,48). In both OIR and Akita models, kallistatin
transgene overexpression resulted in significantly lower
levels of LRP6 and non-pi-b-catenin compared with WT
mice without the kallistatin transgene, suggesting that
overexpression of kallistatin suppressed Wnt signaling in-
duced by ischemia and by diabetes.

To establish the direct inhibitory effect of kallistatin on
Wnt signaling, we evaluated the inhibitory effect of kal-
listatin on Wnt signaling in cultured cells. Our results
showed that either transfection of the kallistatin expres-
sion plasmid or treatment with purified kallistatin protein
inhibited phosphorylation of LRP6, transcriptional activity
of b-catenin, and overexpression of Wnt target genes in-
duced by high-glucose medium and Wnt3a, a canonical
Wnt ligand, further confirming the direct inhibition on Wnt
signaling. LiCl is commonly used to activate canonical Wnt
signaling intracellularly, as it inhibits GSK-3b and sub-
sequently stabilizes b-catenin (49). In the current study, we
showed that kallistatin blocks Wnt pathway activation in-
duced by Wnt ligands and by overexpression of LRP6, but
not that induced by LiCl, suggesting that kallistatin inhibits
Wnt signaling possibly at the Wnt receptor level. This as-
sumption is supported by the specific binding of kallistatin
to LRP6, as coimmunoprecipitation assay confirms the
physical association of kallistatin with LRP6. Moreover,
kallistatin displays a concentration-dependent and satura-
ble binding to the extracellular domain of LRP6 with Kd =
4.5 nmol/L, which is within the range of the physiological
concentrations of kallistatin. Further, we showed that
Wnt3a dose-dependently competed with kallistatin for
binding to LRP6N (Supplementary Fig. 10). Taken together,
these findings suggest that kallistatin functions as an en-
dogenous antagonist of LRP6 and a modulator of the Wnt
pathway. This mechanism is similar to that of PEDF (48).

In summary, we have identified human kallistatin as
a potent inhibitor of angiogenesis and neuroinflammation

and an endogenous antagonist of LRP6. Blockade of Wnt
signaling by antagonizing LRP6 may represent a unifying
mechanism for the antiangiogenic and antineuroin-
flammatory activities of kallistatin. Decreased levels of
kallistatin in the diabetic retina may contribute to the
activation of Wnt signaling, leading to retinal neuro-
inflammation and neovascularization in DR.
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