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Abstract

Objective—Collateral vessel formation can functionally compensate for obstructive vascular

lesions in patients with atherosclerosis. Neovascularization processes are triggered by fluid shear

stress, hypoxia, growth factors, chemokines, proteases and inflammation, as well as reactive

oxygen species (ROS) in response to ischemia. Poldip2 is a multifunctional protein that regulates

focal adhesion turnover and vascular smooth muscle cell migration and modifies extracellular

matrix composition. We therefore tested the hypothesis that loss of Poldip2 impairs collateral

formation.

Approach and Results—The mouse hindlimb ischemia model has been used to understand

mechanisms involved in postnatal blood vessel formation. Poldip2+/- mice were subjected to

femoral artery excision, and functional and morphological analysis of blood vessel formation was

performed after injury. Heterozygous deletion of Poldip2 decreased the blood flow recovery and

spontaneous running activity at 21 days after injury. H2O2 production, as well as the activity of

matrix metalloproteinases-2 and -9, was reduced in these animals compared with Poldip2+/+ mice.

Infiltration of macrophages in the peri-injury muscle was also decreased; however, macrophage

phenotype was similar between genotypes. In addition, the formation of capillaries and arterioles

was impaired, as was angiogenesis, in agreement with a decrease in proliferation observed in

endothelial cells treated with siRNA against Poldip2. Finally, regression of newly formed vessels

and apoptosis was more pronounced in Poldip2+/- mice.

Conclusions—Together, these results suggest that Poldip2 promotes ischemia-induced

collateral vessel formation via multiple mechanisms that likely involve ROS-dependent activation

of matrix metalloproteinase activity as well as enhanced vascular cell growth and survival.
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Introduction

Postnatal vascularization is an inherent and endogenous compensatory mechanism to restore

obstructive vascular lesions.1 Patients with peripheral arterial obstructive disease (PAOD),

mainly caused by atherosclerosis, are at high risk for cardiovascular morbidity and

mortality. Promoting vascular regrowth as an adaptive response to limb ischemia to treat

PAOD is a major challenge in cardiovascular research. Revascularization occurs via three

mechanisms: arteriogenesis, angiogenesis and vasculogenesis.2-6 These processes are

triggered by shear stress and hypoxia and occur simultaneously at different levels, and

involve not only endothelial cell activation and upregulation of cell adhesion molecules, but

also recruitment of inflammatory cells, expression of growth factors, activation of matrix

metalloproteinases, as well as proliferation, migration and apoptosis of vascular cells. The

events leading to revascularization are thus complex and multicellular, but share some

common cellular signaling pathways.

One such mechanism is the production of reactive oxygen species (ROS) and activation of

their downstream targets. It has been shown that overexpression of catalase in vascular

smooth muscle cells (VSMCs) impairs blood flow recovery after femoral artery ligation,7

indicating that H2O2 is necessary for collateral formation. However, excess ROS impairs

collateral growth in a model of repetitive ischemia in the heart, suggesting that there is an

optimal level of ROS required for neovascularization.8 Several studies have suggested that

ROS derived from NADPH oxidases are responsible for this requirement.9 Tojo et al.10 and

Urao et al.11 showed that NADPH oxidase 2 (Nox2) in bone marrow-derived cells is

essential for ischemia-induced neovascularization. However, others have found that the

suppression of hindlimb perfusion in Rac2-/- and Nox2-/- mice does not result from impaired

collateral growth.12 Recently, several groups have suggested that the NADPH oxidase 4

(Nox4) homologue also plays a role in ischemia-induced neovascularization. Transgenic

mice with endothelial-specific Nox4 overexpression showed accelerated recovery of blood

flow after hindlimb ischemia and enhanced aortic capillary sprouting.13 Conversely,

knockout of Nox4 led to attenuated angiogenesis in response to femoral artery ligation14 and

after pressure overload-induced cardiac hypertrophy.15

We previously demonstrated that polymerase delta interacting protein 2 (Poldip2) increases

Nox4 activity in VSMCs.16 The Nox4/Poldip2 complex activates RhoA in VSMCs, leading

to focal adhesion turnover regulating migration. In a recent study, we showed that Poldip2

knockdown reduces H2O2 production in vivo, leading to increases in extracellular matrix

deposition, greater vascular stiffness, and impaired agonist-mediated contraction. Thus,

Poldip2 is necessary for vascular integrity and function.17 However, in addition to regulating

Nox4, Poldip2 has a number of other reported functions, including roles in organizing the

mitotic spindle, DNA repair, and cellular adhesion18.19-21 Many of these processes can

potentially contribute to collateralogenesis. Moreover, Poldip2 has a variably excised N-
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terminal mitochondrial signal peptide and has been implicated in the in the mitochondrial

fusion that occurs during cell cycle. In this regard, we recently found that loss of Poldip2

impairs cell cycle progression in mouse embryonic fibroblasts, most likely independent of

Nox4.22 Thus, it appears that as a consequence of its multiple binding partners, Poldip2

potentially alters many cellular functions intrinsic to collateral formation. Based on these

observations and our previous work implicating Poldip2 in vascular integrity, we

hypothesized that loss of Poldip2 would impair collateral formation. Poldip2 heterozygous

mice were subjected to femoral artery excision, and functional recovery was assessed by

Laser Doppler Perfusion Imaging (LDPI) of blood flow, running test, and histological

analysis of blood vessel formation. We found that loss of Poldip2 does indeed impair

neovascularization, apparently via reduced endothelial proliferation, excessive regression of

newly formed vessels and inhibition of matrix metalloproteinases (MMPs).

Methods

A detailed Materials and Methods section can be found in the online supplement. Please see

http://atvb.ahajournals.org.

Results

Blood flow recovery in Poldip2 +/- mice after femoral artery ligation

To examine the effect of heterozygous deletion of Poldip2 on blood flow recovery after

hindlimb ischemia, Poldip2+/- and WT mice were submitted to femoral artery ligation and

excision, causing hypoperfusion of the lower leg and foot. Functional blood flow recovery

was assessed using LDPI at 7-day intervals up to 3 weeks. LDPI revealed impaired

perfusion recovery in Poldip2+/- mice beginning at 14 days with significant impairment at 21

days after surgery (Fig 1).

Morphological assessment of vascularity after ischemia

To determine if impaired perfusion recovery results from a decrease in vessel number, we

assessed capillary density using I-isolectin B4 staining in muscle immediately distal to the

site the injury. As expected, WT animals showed a ∼50% increase in capillary density in the

ischemic hindlimb at 7 and 14 days post surgery; however, capillary density did not increase

in Poldip2+/- animals and was significantly less than that in WT animals at 7 and 14 days

(Fig 2A). Capillary formation normalized by day 21 in both groups. The density of mature

arterioles was assessed by staining smooth muscle alpha-actin (Fig 3A). Ischemic hindlimbs

from WT mice had a 6-fold increase in alpha-actin staining compared with the non-ischemic

leg. The response in Poldip2+/- mice was much less (1.9±0.4 fold). Of interest,

Poldip2+/-animals showed a regression of the vasculature by 50±5% compared to WT at 21

days after ischemia, suggesting that Poldip2 may have dual roles in formation of new

collaterals and maintenance of the structure of new vascular networks. To obtain a more

detailed morphological assessment of the collateral development after induction of hindlimb

ischemia, legs of WT and Poldip2+/- mice were analyzed by microCT 21 days after surgery.

3D histomorphometric analysis showed that the connectivity ratio of IL to NIL was 2.3-fold

higher in Poldip2+/- animals (1.31±0.28 for WT and 3.07±0.10 for Poldip+/-) compared to
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WT. No other differences were observed. Taken together, these results strongly suggest that

Poldip2+/- mice have impaired neovascularization.

In vivo assessment of Poldip2 role in angiogenesis processes

The early decrease in capillary density in Poldip2+/- animals suggests an impairment of

angiogenesis. To assess the role of Poldip2 in angiogenic processes in vivo, we used the SIS

(porcine small intestine submucosa) implant model of angiogenesis. As shown in Fig 2B,

Poldip+/- mice had 45±9% less endothelial invasion into the matrix compared with WT

animals, suggesting that Poldip2 downregulation impairs the physiological angiogenesis

process.

Role of Poldip2 in HUVEC proliferation

During angiogenesis, endothelial cells are induced to proliferate and migrate out of an

existing vessel to form new branches.2 To determinate if Poldip2 can affect proliferation of

endothelial cells, human umbilical vein endothelial cells (HUVECs) were transfected with

siPoldip2 and proliferation was assessed for 4 consecutive days (Fig 2C). Poldip2 protein

expression was reduced after siRNA transfection by 62±3% (Fig SI). As shown in Fig 2C,

the rate of proliferation was significantly decreased in cells with Poldip2 downregulation.

However, VEGF signaling and HIF1α stabilization seem not to be affected by Poldip2

downregulation. No differences were detected between WT and Poldip2 +/- mice in

VEGFR2 (VEGF receptor 2) phosphorylation or accumulation of HIF1α in the ischemic

muscle 7 days after surgery (data not shown), suggesting that Poldip2 directly affects

endothelial progression through the cell cycle, as we have previously shown in mouse

embryonic fibroblasts.22

Apoptosis in the proximal muscle of the ischemic limb

The reduced density of arterioles observed in Poldip2+/- mice at 21 days together with the

impaired blood flow recovery suggest that loss of Poldip2 might lead to inadequate

regression of non-functional vessels. To test the role of Poldip2 in vessel regression, we

measured vascular apoptosis in vivo using TUNEL staining. As shown in Fig 3B, apoptosis

of vessels surrounding muscle fibers immediately distal to the site of injury was reduced by

82±22% in Poldip2+/- mice compared to WT mice 21 days after surgery. This result suggests

that Poldip2 can affect vessel homeostasis.

Inflammatory response of Poldip2+/- after hindlimb ischemia

Infiltration of inflammatory cells is also an important early event in collateral vessel

formation.7, 23 To determine if inflammatory cell infiltration is impaired in Poldip2+/- mice,

histological analysis of the ischemic limbs was performed. Immunostaining for MAC3, a

macrophage marker, showed that Poldip2+/- mice had 40±10% less macrophages per section

compared with WT mice 7 days after surgery in the proximal muscle of the ischemic limb

(Fig 4A). Loss of Poldip2 does not appear to affect macrophage polarization, as WT and

Poldip2+/- mice showed similar expression of both M1 and M2 markers (Fig 4B).
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Poldip2 regulates matrix metalloproteinase activity in the proximal muscle of the ischemic
limb

Macrophages are an important source of MMPs in response to ischemia,24 which promote

matrix degradation and endothelial and smooth muscle cell migration. To assess MMP

activity, two methodologies were used. First, total gelatinase activity was assessed using an

assay to measure degradation of a fluorescently labeled substrate (Fig 5A). At both 14 and

21 days post surgery, Poldip2+/- mice had less gelatinase activity than WT mice. Because

MMP2 and MMP9 have been implicated in the response to hindlimb ischemia,24-26 we

further analyzed the activity of each of these enzymes using gelatin zymography. As shown

in Fig 5A, MMP2 and MMP9 activity were increased throughout the recovery period in both

genotypes; however, both MMP2 (74±20% decrease) and MMP9 (82±9% decrease) were

reduced in Poldip2+/- mice compared to WT mice at 21 days after surgery. To determine if

this reduction in activity was due to decreased expression, we measured mRNA levels of

MMP2, MMP9 and their corresponding regulators Tissue Inhibitor of Metalloproteinase

TIMP2 and TIMP1. As shown in Fig SII, the ratio of MMP2/TIMP2 and MMP9/TIMP1

mRNA was similar at all time points between WT mice and Poldip2+/- mice. These results

suggest that Poldip2 regulates activity, but not expression, of MMP2 and MMP9.

H2O2 production in the proximal muscle of the ischemic limb

Because Poldip2 has been shown to regulate Nox4, which has been implicated in

angiogenesis,13, 16, we measured total H2O2 production in muscle immediately distal to the

ligation (Fig 6A). In agreement with previous studies from our group,17 H2O2 production in

Poldip2+/- mice was decreased 44±7% compared with WT in the proximal muscle at 21 days

after surgery, consistent with reduced Nox4 activity.

Spontaneous running activity of Poldip2+/- mice after hindlimb ischemia

Finally, to evaluate the extent to which impaired recovery of perfusion and vascular

remodeling affected physiological function, we measured motor activity. WT and Poldip2+/-

animals were placed in a voluntary running wheel activity system at 7 and 21 days post

surgery and distance traveled was recorded for 7 days (Fig 6B). At baseline conditions (day

0, not shown) and seven days after surgery, WT and Poldip2+/- mice run similar distances.

However, by 21 days after surgery, a time when blood flow recovery and vessel formation

are impaired, Poldip2+/- mice run 25% less than WT mice. These data indicate that impaired

neovascularization in Poldip2 mice impacts the physiological function of the limb muscles.

Discussion

Neovascularization in response to ischemia is a key adaptive response to preserve functional

integrity of tissues; however, therapy to improve vascularization remains elusive.1, 27, 28 In

the present study, we report that Poldip2 downregulation impairs the revascularization

process after ischemic insult in the adult mouse femoral artery ligation model. We noted

only a partial recovery of perfusion, resulting from reduced capillary density and fewer

small caliber vessels. These morphological changes resulted in impaired physiological

function as assessed by voluntary running.
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Collateral formation and remodeling are complex processes involving recruitment,

migration, proliferation and apoptosis of vascular cells. 3-6 One of the most intriguing

aspects of our results is the finding that Poldip2+/- mice exhibited impaired collateral

formation at early time points and also an enhanced loss of collaterals at later time points.

These findings suggest that both formation and regression of newly formed vessels is altered

in these animals. The complexity of angiogenesis involves not only growth but also

maturation and regression of the blood vessel network. While regulated regression is an

important aspect of neovascularization and formation of intact networks, the exact

endogenous anti-angiogenic factors and the mechanisms responsible for blood vessel

regression following robust vessel sprouting are not well understood.29 In general, one week

after injury, the density of blood vessels in the wound bed is over three times higher than

that of the uninjured tissue.5 After a peak in vessel density, some newly sprouted vessels

that have integrated in the existing perfused network undergo maturation. Vessels that are

not perfused and functional are targeted for elimination. The most accepted mechanism for

this process is apoptosis of endothelial cells. Analysis of apoptosis in the proximal muscle of

the hindlimb ischemia revealed that Poldip2+/- mice had more vascular cell death compared

with WT (Fig 3B). This vascular rarefaction in Poldip2+/- mice suggests that Poldip2 is

required for cell survival, which is compatible with other pro-survival roles of Poldip2

reported in the literature.30 Impaired collateral formation and angiogenesis are also highly

dependent upon proliferation of both endothelial cells and smooth muscle cells. Depletion of

Poldip2 had a profound inhibitory effect on endothelial proliferation (Fig 2C), consistent

with other work in our laboratory showing that growth of vascular smooth muscle cells and

mouse embryonic fibroblasts is also adversely affected by loss of Poldip2.22 This was

reflected in impaired angiogenesis (Fig 2A). These results clearly show that Poldip2 has

multiple roles in the response to ischemia.

Extracellular matrix also has an important role in collateral formation. Matrix proteins

provide not only a supportive scaffold for cells, but also serve as crucial effectors of cellular

function by sequestering and releasing growth factors and cytokines, including vascular

endothelial growth factor-A (VEGF-A), tumor necrosis factor-alpha (TNF-α) and

interleukins (ILs). 24, 31, 32 These vital proangiogenic factors both initiate and maintain

vascular remodeling.29 On the other hand, degradation of extracellular matrix is required in

order for cells to migrate and form new vessels. For these reasons, MMP activity is a major

regulator of vasculogenesis. In the hindlimb ischemia model, MMP9 activity has been

shown to increase in the gastrocnemius muscle tissue beginning at 3 days after injury and

remain elevated until perfusion is restored.25 In the present study, we saw elevated but

similar MMP activity in WT and Poldip2+/- mice 7 days after injury; however, at 21 days the

gelatinase/collagenase activity, as well as the activity of MMP2 and MMP9, was decreased

in Poldip2+/- compared to WT. This suggests that one mechanism for the impaired

vasculogenesis seen in Poldip2+/- mice is a failure to adequately degrade extracellular

matrix. This deficiency may also contribute to the increase in extracellular collagen that we

previously reported in aortas from these animals.17

An important source of MMPs is inflammatory cells such as macrophages and neutrophils

that infiltrate vascular tissue.24 We found that macrophage infiltration in Poldip2+/- mice is

diminished compared to that in WT mice at 7 days post surgery. Limited inflammation
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would result in compromised blood vessel growth, as we observed here, because it has been

shown that inflammation is required for collateralogenesis.23, 33, 34 A reduction in

inflammatory cells also means that MMP and growth factor release from the matrix is

altered, and may not be sufficient to sustain newly formed vessels.24, 25, 35, 36 Such an

explanation would be consistent with the enhanced regression of newly formed vasculature

that we observed in Poldip2+/- mice. However, we observed no difference in MMP activity

between WT and Poldip2+/- mice at 7 days after induction of ischemia, suggesting that other

cell types contribute to the reduced MMP activity observed at later times.

There is a strong link between MMP activation, oxidative stress and collateral formation.

ROS production via Nox enzymes during mechanical stretch enhances MMP2 mRNA

expression and pro-MMP2 release.37 In atherosclerosis, monocytes exhibit increased ROS

production via Nox enzymes that leads to enhanced secretion and activity of MMP9.38

Similarly, Schroeter et al.39 showed that leptin promotes neovascularization by Nox2-

mediated activation of MMP9. ROS can have a direct effect on MMP activation via “the

cysteine switch” or by altering the interaction between TIMPs and MMPs, as well as by

increasing expression of certain MMPs.16, 40-4243, 44 We observed a difference in MMP

activity but no change in expression, suggesting that one of the two former mechanisms is

active in this model. In the context of hindlimb ischemia, neovascularization occurs via

Nox2-derived ROS, increasing MT1-MMP expression and MMP9 activity.11 We previously

showed that Poldip2 increases Nox4 activity in VSMCs, and that it inhibits the secretion of

collagen in a ROS-dependent manner. 17 Because Nox4 has been associated with

angiogenesis,14, 15, 45 these data suggest that the reduction in MMP activity seen in

Poldip2+/- mice (Fig 5) is a consequence of reduced Nox4-derived H2O2 (Fig 6A). This

would preserve the extracellular matrix and impair ischemia-induced neovascularization by

limiting the infiltration of inflammatory cells as well as the liberation of circulating growth

factors from extracellular matrix that would maintain the new vascular network.

It is likely, however, that Poldip2 has additional Nox4-independent effects on cellular

processes that contribute to collateral formation. Several reports indicate that Nox4 has a

protective function in distinct pathological conditions, for example obesity, pulmonary

arterial hypertension, kidney fibrosis and myocardial infarction 14, 46-49. Conversely, other

articles suggest that Nox4 induces apoptosis, especially in cancer cells, endothelial cells and

cardiac myocytes45, 48, 50, 51. Nox4 exerts these effects by inactivating the protein tyrosine

phosphatase-1B (PTP1B) and enhancing vascular endothelial growth factor receptor-2

(VEGFR2) and mTOR signaling, as well as by regulating endothelial nitric oxide synthase

(eNOS) expression, phosphorylation of members of the Bcl-2 family and mitochondrial

oxidative stress. In contrast, while Poldip2 regulates cytoskeletal dynamics and matrix

deposition in a Nox4 and ROS-dependent manner,16, 17 it has additional functions

potentially unrelated to Nox4. For example Poldip2 interacts with DNA polymerase delta

and proliferating cell nuclear antigen (PCNA),52 suggesting an important role in the

processes of DNA replication and repair. In addition, as a mitochondrial protein, it has been

shown that Poldip2 might regulate viral DNA replication.53 Klaile et al.20 showed that

Poldip2 is a binding partner for carcinoembryonic antigen-related cell adhesion molecule 1

(CEACAM1) and serves to regulate its trafficking from the cell periphery to the nucleus.

Finally, a recent publication from our group showed that Poldip2 affects mouse embryonic
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fibroblast proliferation by regulating Cdk1 and CyclinA2.22 While the Nox4 dependence of

these roles of Poldip2 has not been studied in detail, at least some are likely to be Nox4

independent because deletion of Poldip2 is embryonic lethal, but deletion of Nox4 is not.

Because of the potential role of Poldip2 in so many fundamental cellular processes, it will be

important to explore in detail how this novel protein influences cardiovascular physiology

and pathophysiology.

In summary, we have shown that heterozygous deletion of Poldip2 results in reduced H2O2

production during hindlimb ischemia, which is associated with reduced MMP2 and MMP9

activity, decreased formation of arterioles but increased connectivity between larger vessels,

increased vascular rarefaction and apoptosis, and ultimately decreased blood flow and

impaired functional recovery. In addition, MMP activity, but not expression, as well as

endothelial cell proliferation, are significantly decreased compared to WT. Given the

complex cellular and molecular interactions that contribute to neovascularization, as well as

the multifunctional nature of Poldip2, much work remains to be done to dissect the potential

molecular pathways regulated by this intriguing protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

a) Sources of Funding: This work was supported by National Institutes of Health grants HL38206 and HL095070.

References

1. Davies MG. Critical limb ischemia: Cell and molecular therapies for limb salvage. Methodist
Debakey Cardiovasc J. 2012; 8:20–27. [PubMed: 23342184]

2. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000; 6:389–395. [PubMed:
10742145]

3. Folkman J. Angiogenesis: An organizing principle for drug discovery? Nat Rev Drug Discov. 2007;
6:273–286. [PubMed: 17396134]

4. Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of angiogenesis. Cell. 2011;
146:873–887. [PubMed: 21925313]

5. Troidl K, Schaper W. Arteriogenesis versus angiogenesis in peripheral artery disease. Diabetes
Metab Res Rev. 2012; 28(Suppl 1):27–29. [PubMed: 22271719]

6. van Weel V, van Tongeren RB, van Hinsbergh VW, van Bockel JH, Quax PH. Vascular growth in
ischemic limbs: A review of mechanisms and possible therapeutic stimulation. Ann Vasc Surg.
2008; 22:582–597. [PubMed: 18504100]

7. Hodara R, Weiss D, Joseph G, Velasquez-Castano JC, Landazuri N, Han JW, Yoon YS, Taylor WR.
Overexpression of catalase in myeloid cells causes impaired postischemic neovascularization.
Arterioscler Thromb Vasc Biol. 2011; 31:2203–2209. [PubMed: 21799178]

8. Reed R, Kolz C, Potter B, Rocic P. The mechanistic basis for the disparate effects of angiotensin ii
on coronary collateral growth. Arterioscler Thromb Vasc Biol. 2008; 28:61–67. [PubMed:
17962624]

9. Drummond GR, Selemidis S, Griendling KK, Sobey CG. Combating oxidative stress in vascular
disease: Nadph oxidases as therapeutic targets. Nat Rev Drug Discov. 2011; 10:453–471. [PubMed:
21629295]

Amanso et al. Page 8

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



10. Tojo T, Ushio-Fukai M, Yamaoka-Tojo M, Ikeda S, Patrushev N, Alexander RW. Role of
gp91phox (nox2)-containing NAD(P)H oxidase in angiogenesis in response to hindlimb ischemia.
Circulation. 2005; 111:2347–2355. [PubMed: 15867174]

11. Urao N, McKinney RD, Fukai T, Ushio-Fukai M. NADPH oxidase 2 regulates bone marrow
microenvironment following hindlimb ischemia: Role in reparative mobilization of progenitor
cells. Stem Cells. 2012; 30:923–934. [PubMed: 22290850]

12. Distasi MR, Case J, Ziegler MA, Dinauer MC, Yoder MC, Haneline LS, Dalsing MC, Miller SJ,
Labarrere CA, Murphy MP, Ingram DA, Unthank JL. Suppressed hindlimb perfusion in rac2-/-
and nox2-/- mice does not result from impaired collateral growth. Am J Physiol Heart Circ
Physiol. 2009; 296:H877–886. [PubMed: 19151256]

13. Craige SM, Chen K, Pei Y, Li C, Huang X, Chen C, Shibata R, Sato K, Walsh K, Keaney JF Jr.
NADPH oxidase 4 promotes endothelial angiogenesis through endothelial nitric oxide synthase
activation. Circulation. 2011; 124:731–740. [PubMed: 21788590]

14. Schroder K, Zhang M, Benkhoff S, Mieth A, Pliquett R, Kosowski J, Kruse C, Luedike P,
Michaelis UR, Weissmann N, Dimmeler S, Shah AM, Brandes RP. Nox4 is a protective reactive
oxygen species generating vascular NADPH oxidase. Circ Res. 2012; 110:1217–1225. [PubMed:
22456182]

15. Zhang M, Brewer AC, Schroder K, Santos CX, Grieve DJ, Wang M, Anilkumar N, Yu B, Dong X,
Walker SJ, Brandes RP, Shah AM. NADPH oxidase-4 mediates protection against chronic load-
induced stress in mouse hearts by enhancing angiogenesis. Proc Natl Acad Sci U S A. 2010;
107:18121–18126. [PubMed: 20921387]

16. Lyle AN, Deshpande NN, Taniyama Y, Seidel-Rogol B, Pounkova L, Du P, Papaharalambus C,
Lassegue B, Griendling KK. Poldip2, a novel regulator of nox4 and cytoskeletal integrity in
vascular smooth muscle cells. Circ Res. 2009; 105:249–259. [PubMed: 19574552]

17. Sutliff RL, Hilenski LL, Amanso AM, Parastatidis I, Dikalova AE, Hansen L, Datla SR, Long JS,
El-Ali AM, Joseph G, Gleason RL Jr, Taylor WR, Hart CM, Griendling KK, Lassegue B.
Polymerase delta interacting protein 2 sustains vascular structure and function. Arterioscler
Thromb Vasc Biol. 2013; 33:2154–2161. [PubMed: 23825363]

18. Wong A, Zhang S, Mordue D, Wu JM, Zhang Z, Darzynkiewicz Z, Lee EY, Lee MY. Pdip38 is
translocated to the spliceosomes/nuclear speckles in response to UV-induced DNA damage and is
required for UV-induced alternative splicing of mdm2. Cell Cycle. 2013; 12:3184–3193.
[PubMed: 23989611]

19. Klaile E, Kukalev A, Obrink B, Muller MM. Pdip38 is a novel mitotic spindle-associated protein
that affects spindle organization and chromosome segregation. Cell Cycle. 2008; 7:3180–3186.
[PubMed: 18843206]

20. Klaile E, Muller MM, Kannicht C, Otto W, Singer BB, Reutter W, Obrink B, Lucka L. The cell
adhesion receptor carcinoembryonic antigen-related cell adhesion molecule 1 regulates
nucleocytoplasmic trafficking of DNA polymerase delta-interacting protein 38. J Biol Chem.
2007; 282:26629–26640. [PubMed: 17623671]

21. Tissier A, Janel-Bintz R, Coulon S, Klaile E, Kannouche P, Fuchs RP, Cordonnier AM. Crosstalk
between replicative and translesional DNA polymerases: Pdip38 interacts directly with pol-eta.
DNA Repair (Amst). 2010; 9:922–928. [PubMed: 20554254]

22. Brown DI, Lassegue B, Lee M, Zafari R, Long JS, Saavedra HI, Griendling KK. Poldip2 knockout
results in perinatal lethality, reduced cellular growth and increased autophagy of mouse embryonic
fibroblasts. PLoS ONE. 2014; 9:e96657. [PubMed: 24797518]

23. Silvestre JS, Mallat Z, Tedgui A, Levy BI. Post-ischaemic neovascularization and inflammation.
Cardiovasc Res. 2008; 78:242–249. [PubMed: 18252762]

24. Hobeika MJ, Edlin RS, Muhs BE, Sadek M, Gagne PJ. Matrix metalloproteinases in critical limb
ischemia. J Surg Res. 2008; 149:148–154. [PubMed: 18155249]

25. Muhs BE, Plitas G, Delgado Y, Ianus I, Shaw JP, Adelman MA, Lamparello P, Shamamian P,
Gagne P. Temporal expression and activation of matrix metalloproteinases-2, -9, and membrane
type 1-matrix metalloproteinase following acute hindlimb ischemia. J Surg Res. 2003; 111:8–15.
[PubMed: 12842442]

Amanso et al. Page 9

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



26. Dejonckheere E, Vandenbroucke RE, Libert C. Matrix metalloproteinases as drug targets in
ischemia/reperfusion injury. Drug Discov Today. 2011; 16:762–778. [PubMed: 21745586]

27. Duvall CL, Taylor WR, Weiss D, Guldberg RE. Quantitative microcomputed tomography analysis
of collateral vessel development after ischemic injury. Am J Physiol Heart Circ Physiol. 2004;
287:H302–310. [PubMed: 15016633]

28. Landazuri N, Joseph G, Guldberg RE, Taylor WR. Growth and regression of vasculature in healthy
and diabetic mice after hindlimb ischemia. Am J Physiol Regul Integr Comp Physiol. 2012;
303:R48–56. [PubMed: 22573106]

29. Wietecha MS, Cerny WL, DiPietro LA. Mechanisms of vessel regression: Toward an
understanding of the resolution of angiogenesis. Curr Top Microbiol Immunol. 2013; 367:3–32.
[PubMed: 23224648]

30. Cheng X, Kanki T, Fukuoh A, Ohgaki K, Takeya R, Aoki Y, Hamasaki N, Kang D. Pdip38
associates with proteins constituting the mitochondrial DNA nucleoid. J Biochem. 2005; 138:673–
678. [PubMed: 16428295]

31. Heissig B, Nishida C, Tashiro Y, Sato Y, Ishihara M, Ohki M, Gritli I, Rosenkvist J, Hattori K.
Role of neutrophil-derived matrix metalloproteinase-9 in tissue regeneration. Histol Histopathol.
2010; 25:765–770. [PubMed: 20376783]

32. Silvestre JS, Mallat Z, Tamarat R, Duriez M, Tedgui A, Levy BI. Regulation of matrix
metalloproteinase activity in ischemic tissue by interleukin-10: Role in ischemia-induced
angiogenesis. Circ Res. 2001; 89:259–264. [PubMed: 11485976]

33. la Sala A, Pontecorvo L, Agresta A, Rosano G, Stabile E. Regulation of collateral blood vessel
development by the innate and adaptive immune system. Trends Mol Med. 2012; 18:494–501.
[PubMed: 22818027]

34. Schober A. Chemokines in vascular dysfunction and remodeling. Arterioscler Thromb Vasc Biol.
2008; 28:1950–1959. [PubMed: 18818421]

35. Bergmann CE, Hoefer IE, Meder B, Roth H, van Royen N, Breit SM, Jost MM, Aharinejad S,
Hartmann S, Buschmann IR. Arteriogenesis depends on circulating monocytes and macrophage
accumulation and is severely depressed in op/op mice. J Leukoc Biol. 2006; 80:59–65. [PubMed:
16684892]

36. Khmelewski E, Becker A, Meinertz T, Ito WD. Tissue resident cells play a dominant role in
arteriogenesis and concomitant macrophage accumulation. Circ Res. 2004; 95:E56–64. [PubMed:
15331452]

37. Diebold I, Petry A, Burger M, Hess J, Gorlach A. Nox4 mediates activation of foxo3a and matrix
metalloproteinase-2 expression by urotensin-ii. Mol Biol Cell. 2011; 22:4424–4434. [PubMed:
21965295]

38. Valente AJ, Yoshida T, Murthy SN, Sakamuri SS, Katsuyama M, Clark RA, Delafontaine P,
Chandrasekar B. Angiotensin II enhances AT1-nox1 binding and stimulates arterial smooth
muscle cell migration and proliferation through AT1, nox1, and interleukin-18. Am J Physiol
Heart Circ Physiol. 2012; 303:H282–296. [PubMed: 22636674]

39. Schroeter MR, Stein S, Heida NM, Leifheit-Nestler M, Cheng IF, Gogiraju R, Christiansen H,
Maier LS, Shah AM, Hasenfuss G, Konstantinides S, Schafer K. Leptin promotes the mobilization
of vascular progenitor cells and neovascularization by nox2-mediated activation of MMP9.
Cardiovasc Res. 2012; 93:170–180. [PubMed: 22065732]

40. Galis ZS, Johnson C, Godin D, Magid R, Shipley JM, Senior RM, Ivan E. Targeted disruption of
the matrix metalloproteinase-9 gene impairs smooth muscle cell migration and geometrical arterial
remodeling. Circ Res. 2002; 91:852–859. [PubMed: 12411401]

41. Johnson C, Galis ZS. Matrix metalloproteinase-2 and -9 differentially regulate smooth muscle cell
migration and cell-mediated collagen organization. Arterioscler Thromb Vasc Biol. 2004; 24:54–
60. [PubMed: 14551157]

42. Van Wart HE, Birkedal-Hansen H. The cysteine switch: A principle of regulation of
metalloproteinase activity with potential applicability to the entire matrix metalloproteinase gene
family. Proc Natl Acad Sci U S A. 1990; 87:5578–5582. [PubMed: 2164689]

43. Robbesyn F, Auge N, Vindis C, Cantero AV, Barbaras R, Negre-Salvayre A, Salvayre R. High-
density lipoproteins prevent the oxidized low-density lipoprotein-induced epidermal growth factor

Amanso et al. Page 10

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



receptor activation and subsequent matrix metalloproteinase-2 upregulation. Arterioscler Thromb
Vasc Biol. 2005; 25:1206–1212. [PubMed: 15817880]

44. Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, Galis ZS. Reactive oxygen species
produced by macrophage-derived foam cells regulate the activity of vascular matrix
metalloproteinases in vitro. Implications for atherosclerotic plaque stability. J Clin Invest. 1996;
98:2572–2579. [PubMed: 8958220]

45. Kuroda J, Ago T, Matsushima S, Zhai P, Schneider MD, Sadoshima J. NADPH oxidase 4 (nox4) is
a major source of oxidative stress in the failing heart. Proc Natl Acad Sci U S A. 2010;
107:15565–15570. [PubMed: 20713697]

46. Wang J, Hong Z, Zeng C, Yu Q, Wang H. NADPH oxidase 4 promotes cardiac microvascular
angiogenesis after hypoxia/reoxygenation in vitro. Free Radic Biol Med. 2014; 69:278–288.
[PubMed: 24480752]

47. Peshavariya HM, Liu GS, Chang CW, Jiang F, Chan EC, Dusting GJ. Prostacyclin signaling boosts
NADPH oxidase 4 in the endothelium promoting cytoprotection and angiogenesis. Antioxid
Redox Signal. 2014

48. Yan F, Wang Y, Wu X, Peshavariya HM, Dusting GJ, Zhang M, Jiang F. Nox4 and redox
signaling mediate TGF-beta-induced endothelial cell apoptosis and phenotypic switch. Cell Death
Dis. 2014; 5:e1010. [PubMed: 24457954]

49. Li Y, Mouche S, Sajic T, Veyrat-Durebex C, Supale R, Pierroz D, Ferrari S, Negro F, Hasler U,
Feraille E, Moll S, Meda P, Deffert C, Montet X, Krause KH, Szanto I. Deficiency in the NADPH
oxidase 4 predisposes towards diet-induced obesity. Int J Obes (Lond). 2012; 36:1503–1513.
[PubMed: 22430302]

50. Quast SA, Berger A, Eberle J. ROS-dependent phosphorylation of Bax by wortmannin sensitizes
melanoma cells for trail-induced apoptosis. Cell Death Dis. 2013; 4:e839. [PubMed: 24113173]

51. Xia F, Wang C, Jin Y, Liu Q, Meng Q, Liu K, Sun H. Luteolin protects huvecs from TNF-alpha-
induced oxidative stress and inflammation via its effects on the nox4/ROS-NF-kappaB and MAPK
pathways. J Atheroscler Thromb. 2014

52. Liu L, Rodriguez-Belmonte EM, Mazloum N, Xie B, Lee MY. Identification of a novel protein,
pdip38, that interacts with the p50 subunit of DNA polymerase delta and proliferating cell nuclear
antigen. J Biol Chem. 2003; 278:10041–10047. [PubMed: 12522211]

53. Xie B, Li H, Wang Q, Xie S, Rahmeh A, Dai W, Lee MY. Further characterization of human DNA
polymerase delta interacting protein 38. J Biol Chem. 2005; 280:22375–22384. [PubMed:
15811854]

Abbreviations

ARG arginase-1

B2M beta-2 microglobulin

H2O2 hydrogen peroxide

HIF1α hypoxia-inducible 1α

LDPI LASER Doppler perfusion imaging

MMP metalloproteinase

Micro-CT Micro computed tomography

MRC mannose receptor

Poldip2 polymerase delta interacting protein 2

ROS reactive oxygen species

VEGF vascular endothelial growth factor
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VSMCs vascular smooth muscle cells
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Significance

Peripheral arterial obstructive disease (PAOD) leading to limb ischemia is a major

challenge in cardiovascular research. Here we demonstrate that Poldip2 regulates a

number of cellular functions integral to ischemia-induced collateral vessel formation,

including matrix metalloproteinase activity, angiogenesis, endothelial proliferation, and

vascular regression. Fully understanding how Poldip2 promotes neovascularization may

ultimately allow for the development of new therapeutics to compensate for obstructive

vascular lesions and consequently to preserve tissue function in patients with PAOD.
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Figure 1. Poldip2+/- mice exhibit reduced blood flow recovery after ischemic injury
Femoral artery ligation was performed on Poldip2+/+ and Poldip2+/- mice and blood flow

was assessed in the adductor muscles of the nonischemic (NIL) and ischemic limbs (IL) by

LASER Doppler Perfusion Imaging (LDPI) at the indicated time points. A) Representative

images from LDPI analysis immediately after the surgery and at the 21 day time point. B)

Quantitative analysis presented as perfusion ratios (ischemic leg (IL) / nonischemic leg

(NIL)). Data represent mean±SEM (n = 15-20 per genotype). * P<0.05 vs. Poldip2+/+
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Figure 2. Poldip2+/- mice exhibit reduced angiogenesis and endothelial cell proliferation
A) Representative photomicrographs and quantification of capillary density in ischemic

gastrocnemius muscle stained with antibody against I-isolectin B4 (n = 3-6 per genotype).

Bars are means ± SEM. * P<0.05 vs. Poldip2 +/+. B) Representative photomicrographs and

quantification of endothelial cell infiltration around SIS (small intestine submucosa) area at

day 12 after implantation. Endothelial cells were assessed by staining with antibody against

I-isolectin B4. C) Time course of serum-induced proliferation in HUVEC treated with

siControl or siPoldip2 (n = 3 per condition). Bars are means ± SEM. * P<0.05 vs. siControl.

Bar scale = 200 μm.
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Figure 3. Poldip2 regulates arteriogenesis and apoptosis
A) Representative photomicrographs and quantification of arterioles in ischemic

gastrocnemius muscle stained with antibody against smooth muscle α-actin. (n = 3-6 per

genotype). Bars are means ± SEM. * P<0.05 vs. Poldip2+/+. Scale bar = 200 μm. B)

Representative photomicrographs visualized by autofluorescence (green) and quantification

of apoptotic cells in ischemic gastrocnemius muscle stained by TUNEL (red) 21 days after

surgery. (n = 3 per genotype). Bars are means ± SEM. * P<0.05 vs. Poldip2+/+. Scale bar =

100 μm.
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Figure 4. Poldip2 downregulation reduces macrophage infiltration, but does not alter
macrophage phenotype
Inflammatory cell infiltration in ischemic tissue was assessed by staining of macrophage

cells at 7 days with an antibody against Mac-3. Representative photomicrographs of total

macrophage content are shown. Quantitative analyses are presented as ratios (ischemic leg

(IL) / nonischemic leg (NIL)) after analysis of total fluorescence using ImageJ software. (n =

3-4 per genotype). Bars are means ± SEM. * P<0.05 vs. Poldip2+/+. B) mRNA levels of

IL-1β, IL-6, iNOS, Mannose Receptor (MRC), Arginase (ARG) and IL-10 were measured in

ischemic muscle at 7 days after surgery. B2M (beta-2 microglobulin) rRNA was used to

normalize each sample. (n = 3-5 per genotype). Bars are means ± SEM.
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Figure 5. MMP2 and MMP9 activity is reduced in Poldip2+/- mice
A) Representative gelatin zymography images and quantification of MMP2 and MMP9

activity from muscle immediately downstream of the femoral artery ligation in Poldip2+/-

and Poldip2+/+ mice. (n = 3-5 per genotype). Bars are means ± SEM. * P<0.05 vs.

Poldip2+/+ B) Gelatinase activity from ischemic and nonischemic muscle was measured

using the EnzChek gelatinase assay kit. (n = 3-4 per genotype). Bars are means ± SEM. *

P<0.05 vs. Poldip2+/+.
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Figure 6. Reduced hydrogen peroxide production and running distance in Poldip2+/- mice
A) H2O2 production from ischemic and nonischemic gastrocnemius muscle was assessed by

Amplex Red assay. (n = 3 per genotype). Bars are means ± SEM. * P<0.05 vs. Poldip2 +/+.

B) Spontaneous running activity recorded over a 7-day period and expressed as total

distance run. (n = 4-10 per genotype). Bars are means ± SEM. * P<0.05 vs. Poldip2 +/+.
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