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Abstract

Sunitinib malate is a multi-targeted receptor tyrosine kinase inhibitor used in the treatment of

human malignancies. A substantial number of sunitinib-treated patients develop cardiac

dysfunction, but the mechanism of sunitinib-induced cardiotoxicity is poorly understood. We

show that mice treated with sunitinib develop cardiac and coronary microvascular dysfunction and

exhibit an impaired cardiac response to stress. The physiological changes caused by treatment

with sunitinib are accompanied by a substantial depletion of coronary microvascular pericytes.

Pericytes are a cell type that is dependent on intact PDGFR signaling but whose role in the heart is

poorly defined. Sunitinib-induced pericyte depletion and coronary microvascular dysfunction are
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recapitulated by CP-673451, a structurally distinct PDGFR inhibitor, confirming the role of

PDGFR in pericyte survival. Thalidomide, an anti-cancer agent that is known to exert beneficial

effects on pericyte survival and function, prevents sunitinib-induced pericyte cell death in vitro

and prevents sunitinib-induced cardiotoxicity in vivo in a mouse model. Our findings suggest that

pericytes are the primary cellular target of sunitinib-induced cardiotoxicity and reveal the pericyte

as a cell type of concern in the regulation of coronary microvascular function. Furthermore, our

data provide preliminary evidence that thalidomide may prevent cardiotoxicity in sunitinib-treated

cancer patients.

Introduction

Sunitinib malate (Pfizer) is a small-molecule inhibitor of multiple receptor tyrosine kinases.

The primary targets of sunitinib include PDGF receptors (PDGFR-β and α), VEGF receptors

(VEGFR-I, II, III), and stem cell factor receptor. Sunitinib is FDA-approved for the

treatment of metastatic renal cell carcinoma, imatinib-resistant gastrointestinal stromal

tumor and pancreatic neuroendocrine tumors.

Unfortunately, multiple studies indicate that a sizeable subset of sunitinib-treated patients

develop left ventricular (LV) dysfunction and overt heart failure (1–6). The reported

incidence of LV dysfunction due to sunitinib ranges from 4–28%. However, despite

evidence of cardiac dysfunction as a toxicity of sunitinib therapy, the underlying mechanism

of cardiotoxicity due to sunitinib remains unclear.

Understanding the molecular and cellular basis of cardiac toxicity due to targeted cancer

therapies such as sunitinib is essential for developing safer and more effective therapeutics.

In this study, we used a mouse model to show that cardiotoxicity due to sunitinib is

attributable to a profound effect on coronary microvascular pericytes, resulting in coronary

microvascular dysfunction, LV dysfunction, and an impaired response to cardiac stress. Our

study also implicates PDGFR as the relevant target of sunitinib leading to cardiac toxicity, in

line with the known role of PDGFR signaling in promoting pericyte growth and survival in

development and in adult life(7–9). Importantly, sorafenib, another anti-cancer agent that

targets PDGFR, has also been associated with drug-induced cardiac toxicity(2, 10) Finally,

we show that thalidomide, an agent used in the treatment of multiple human malignancies,

can prevent cardiac pericyte depletion and cardiac dysfunction due to sunitinib without

affecting the anti-tumor effect of sunitinib.

Results

Sunitinib treatment induces cardiac dysfunction and coronary microvascular dysfunction

To determine the effects of sunitinib on cardiac and coronary function, we treated C57Bl/6

mice with sunitinib at 40 mg/kg/day. This is the minimal dosage at which robust anti-tumor

efficacy is observed across a range of murine xenograft models(11). Importantly, the halflife

of sunitinib in normal human volunteers is approximately 25-fold higher than that in

mice(12, 13). Thus, an oral dose of sunitinib of 40 mg/kg/day achieves drug exposures in

mice that are approximately 2.5 fold higher than normal human volunteers dosed at 50 mg/

day, the typical clinical dose. Since only a subset of sunitinib-treated cancer patients develop

cardiac toxicity and since drug exposure can vary widely in cancer patients for a number of

reasons, including the presence of renal insufficiency or drug-drug interactions(14), we

deemed this to be a relevant exposure to study potential cardiac toxicities of sunitinib in a

mouse model. Sunitinib or vehicle was administered for up to 21 days, mirroring the typical

3-week dosage cycle in sunitinib-treated cancer patients. Sunitinib-treated mice showed

significant (p<0.0001 at day 21) decreases in left ventricular ejection fraction (EF) (Fig. 1A
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&1B). Overt pathologic cardiac hypertrophy or pulmonary edema were not observed in

sunitinib-treated mice (Fig. 1C), but an increase in myocyte cross-sectional area (Fig. S1A)

was observed, suggestive of mild cardiac hypertrophy.

Although sunitinib is associated with hypertension in subsets of patients(4), we did not

observe elevations of blood pressure that might contribute to cardiac dysfunction. (Figs. 1D

& S1B). However, vascular toxicity of sunitinib manifested in impaired coronary

microvascular function. Measurement of coronary flow reserve (CFR) as an index of

coronary microvascular function is a technique we have previously reported(15). Sunitinib-

treated mice showed a marked decrease in CFR (Figs. 1E & 1F). Coronary microvascular

dysfunction in sunitinib-treated mice was also demonstrated by measuring adenosine-

induced coronary vasodilation in vivo (Fig. S1C) and ex vivo in hearts from sunitinib-

treated mice (Fig. 1G). Comparing hearts from sunitinib-treated mice with controls, we

observed no difference in coronary microvascular density (Fig. S1D), indicating that

microvascular rarefaction was not responsible for sunitinib-induced coronary microvascular

dysfunction.

To gain insight into sunitinib-induced contractile dysfunction, we performed gene

expression microarrays on hearts from mice treated with sunitinib or vehicle for 3 or 7 days.

Using a false discovery rate of 10%, we identified 65 genes that were upregulated in

sunitinib-treated hearts compared with vehicle control at either day 3 or day 7. Intriguingly,

of the 51 genes in this group with an annotated function, 14 such genes have been reported

in the literature as being upregulated in conditions of hypoxia (Fig. S1E). Most notable

amongst these is PHD3 (aka EGLN3), a prolyl 4-hydroxylase protein whose expression is

exquisitely sensitive to hypoxia(16, 17), and which is upregulated in the heart in models of

myocardial ischemia(18, 19) Quantitative RT-PCR demonstrated a robust upregulation of

PHD3 in the hearts of sunitinib-treated mice at 3 and 7 days after treatment compared with

vehicle control (Fig. 1H). These findings suggest that myocardial hypoxia may provide a

mechanistic link between microvascular dysfunction and cardiac contractility defects due to

sunitinib.

Sunitinib augments pressure overload-induced coronary and cardiac dysfunction

Because coronary microvascular dysfunction has been linked to the development of

pathologic cardiac hypertrophy and heart failure in response to pressure overload(20), we

hypothesized that sunitinib would impair the cardiac response to stress. In support of this

hypothesis, we found that sunitinib-treated mice exhibited a reduction in cardiac-contractile

reserve (Fig. 2A). To further explore the effects of sunitinib on the cardiac response to

stress, we used transverse aortic constriction (TAC). 14 days after TAC, sunitinib-treated

mice did not exhibit excess cardiac hypertrophy or pulmonary edema (Fig. 2B). However,

sunitinib-treated mice exposed to TAC exhibited a reduction in cardiac function compared

with vehicle-treated mice (Fig. 2C). In addition, sunitinib-treated mice exposed to TAC

developed reductions in CFR relative to controls (Fig. 2D). The rise in coronary microvessel

density in response to TAC was blunted in sunitinib-treated mice compared to vehicle-

treated mice (Fig. 2E & 2F). In addition, sunitinib-treated mice developed enhanced cardiac

fibrosis in response to TAC (Fig. 2G).

We interrogated the effects of sunitinib on one of its known targets, PDGFR, building on our

prior work showing that TAC increases the expression and phosphorylation of PDGFR-β in
the murine heart(15). We found that the TAC-induced increase in cardiac PDGFR-β
phosphorylation was reduced in sunitinib-treated mice (Fig. 2H), however the ratio of

phospho-total PDGFR-β levels in the heart was not significantly different in sunitinib-

treated mice relative to controls after TAC (densitometric ratio 0.58 ± 0.2, sunitinib 14 day

TAC; 0.47 ± 0.08, Vehicle 14 day TAC, n=4 per group, p=0.08). Instead, this finding was
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driven by the unexpected lack of increase in total PDGFR-β in the heart in sunitinib-treated

mice relative to controls 14 days after TAC.

Coronary microvascular dysfunction in sunitinib-treated mice is associated with loss of
pericytes

We used acetylcholine, an endothelial-dependent coronary vasodilator, to study the cellular

basis of sunitinib-induced coronary microvascular dysfunction in the absence of exogenous

stress. Augmentation of coronary flow in response to acetylcholine in sunitinib-treated mice

was substantially reduced in vivo (Fig. 3A) and ex vivo (Fig. S2A). To determine if

endothelial dysfunction was the primary cause of sunitinib-induced coronary microvascular

dysfunction, we used sodium nitroprusside (SNP), an endothelial-independent vasodilator.

Hearts from sunitinib-treated mice demonstrated a substantial reduction in coronary flow

across a broad range of SNP concentrations (Fig. 3B), suggesting that sunitinib produces

coronary microvascular pathology independent of effects on the vascular endothelium.

Sunitinib is a PDGFR inhibitor, and both PDGF and PDGFR knockout mice develop

vascular abnormalities during development due to defects in pericytes (8, 9). We therefore

considered the possibility that sunitinib-induced coronary dysfunction could be due to drug-

induced effects on coronary microvascular pericytes. In support of this hypothesis, we

observed that PDGFR-β expression (a marker of pericytes (21)) was reduced in cardiac

lysates from sunitinib-treated mice exposed to TAC (Fig. 2H) and in non-stressed sunitinib-

treated mice (Fig. S2B). After 14 days of treatment with sunitinib, protein levels of the cell-

surface proteoglycan NG2, another pericyte marker (22), were reduced in cardiac lysates

from sunitinib-treated mice relative to controls (Fig. 3C). NG2 expression progressively

decreased over time in the hearts of sunitinib-treated mice (Fig. 3D). With confocal

microscopy, we observed that in vehicle-treated hearts (Fig. 3E, top panel), CD31 staining

and NG2 staining were mostly co-localized, indicative of the intimate relation between the

NG2+ pericyte and the CD31+ microvascular endothelium. However, in hearts from

sunitinib-treated mice, staining with NG2 was dramatically reduced (Fig 3E, bottom panel;

quantified in Fig. 3F); many CD31+ microvessels therefore lacked colocalized pericytes. In

addition to its utility as a pericyte marker, the proteoglycan NG2 is also expressed in some

vascular smooth muscle (23). However, we observed no reduction in smoothmuscle actin

co-staining in sunitinib-treated hearts compared with controls (Fig. S2C). Confocal

microscopy of long-axis cardiac sections demonstrated the intimate relationship of NG2+

pericytes and coronary microvessels in controls and a diminution of this relationship in

hearts from sunitinib-treated mice (Fig. S2D).

That sunitinib-treated hearts lacked pericytes around microvessels was further shown by

electron microscopy using a previously described method (24). Microvessels in vehicle-

treated hearts were consistently overlaid with pericytes, whereas in sunitinib-treated hearts,

we observed multiple microvessels that were largely uncovered with pericytes.

Representative electron micrographs are shown in Fig. 3G and Fig. S2E. Because loss of

pericytes in development (25) and in tumors (26) results in increased microvascular

tortuosity, we asked whether there was a similar change in vascular morphology in hearts of

sunitinib-treated mice. We observed an increase in coronary microvascular tortuosity in

hearts from sunitinib-treated mice, shown visually in Fig. 3H. Quantification of vascular

tortuosity indices revealed a significant increase in microvascular tortuosity in hearts from

mice treated with sunitinib relative to controls (vehicle 1.073 ± 0.008; sunitinib 1.111 ±

0.004; p = 0.0095; two-sided Wilcoxon Rank Sum Test). We did not observe a significant

increase in mean microvessel radius (vehicle 2.45 µM ± 0.18; sunitinib 2.61 µM ± 0.15; p =

0.76; two-sided Wilcoxon Rank Sum Test).
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Loss of pericytes in other vascular beds has been demonstrated to increase vascular

permeability (7). After infusing a fluorescent-tagged 0.9 kDa molecule, we observed

increased interstitial extravasation of the tagged molecule in sunitinib-treated mice

compared with controls, indicative of enhanced coronary microvascular permeability in

sunitinib-treated mice (representative sections shown in Fig. S2F). Quantifying this signal in

multiple sections from sunitinib-treated or vehicle-treated mice revealed a 2.3 fold increase

in vascular permeability of the microvessels of sunitinib-treated mice compared with

controls (p <0.05), further demonstrating the phenotype of pericyte loss in the heart due to

sunitinib.

Pericyte abnormalities are not observed in skeletal muscle in sunitinib-treated mice and
are not observed in a doxorubicin model of cardiac toxicity

We asked if sunitinib caused injury to other vascular structures. The vasoconstrictor

response to phenylephrine was indistinguishable between aortas from mice treated for 14

days with sunitinib or vehicle (Fig. 4A). Similarly, we observed no significant effect of

sunitinib on acetylcholine-induced aortic vasodilatation (Fig. 4B). Whereas cardiac

dysfunction has been reported in subsets of sunitinib-treated patients, skeletal muscle

pathology (such as atrophy or weakness) is not associated with sunitinib treatment. In mice

treated with sunitinib, Western blotting of skeletal muscle lysates revealed no consistent

reduction in pericyte markers NG2 or PDGFR-β, in comparison to vehicle-treated mice (Fig

S2G). Confocal microscopy confirmed that pericyte coverage of CD31+ microvessels in

skeletal muscle was not affected by treatment with sunitinib (shown visually in Fig 4C and

quantified in Figs 4D).

To determine whether pericyte loss due to sunitinib was a non-specific response to cardiac

injury, we treated mice with the known cardiotoxin doxorubicin. Mice exposed to

doxorubicin demonstrated reductions in cardiac ejection fraction (Fig. 4E). Treatment with

doxorubicin also induced coronary microvascular dysfunction (Fig. 4F). However, cardiac

lysates from doxorubicin-treated mice exhibited no reduction in expression of the pericyte

marker NG2 (Fig. 4G); furthermore, confocal micrographs demonstrating the colocalization

of pericytes with coronary microvessels in doxorubicin-treated mice were indistinguishable

from controls (Fig. 4H). Thus, the effects of sunitinib on coronary microvascular pericytes

are not a non-specific response to drugs that induce cardiotoxicity.

Sunitinib-induced coronary microvascular dysfunction and pericyte loss is recapitulated
by the PDGFR inhibitor CP-673451

To further determine the contribution of PDGFR inhibition to sunitinib-induced pericyte loss

and coronary microvascular dysfunction, we used the compound CP-673451, a PDGFR

inhibitor that is structurally unrelated to sunitinib (Fig. 5A); unlike sunitinib, it displays

negligible anti-VEGFR activity at drug exposure levels that inhibit PDGFR signaling (27).

Treatment with CP-673451 did not increase heart weight or lung weight (Fig. 5B). However,

mice treated with this inhibitor exhibited a decrease in ejection fraction (Fig. 5C) and

coronary flow reserve (Fig. 5D), similar to the effect seen in mice treated with sunitinib.

Confocal microscopy demonstrated reduction of pericyte coverage in coronary microvessels

(Fig. 5E). Biochemical analysis of cardiac lysates from CP-673451 treated mice showed a

decrease in expression of PDGFR-β, along with a clear reduction of the pericyte marker

NG2 (shown in Fig. 5F, and quantified in Fig. 5G and 5H). These data, coupled with

findings in sunitinib-treated mice, suggest that PDGFR inhibition underlies the development

of cardiac and coronary microvascular toxicity due to sunitinib.
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Sunitinib-induced cytotoxicity on coronary microvascular pericytes is ameliorated by
cotreatment with thalidomide in vitro and in vivo

We measured the direct effects of sunitinib on pericytes in vitro. Sunitinib caused a dose

dependent impairment of viability of pericytes (Fig. 6A). Because sunitinib-induced

cardiotoxicity appears to be a result of direct effects on coronary pericytes, we reasoned that

preventing sunitinib-induced pericyte loss could prevent cardiotoxicity due to sunitinib.

Recent work suggested that the small-molecule therapeutic thalidomide can enhance

pericyte proliferation, recruitment, and branching in vitro and promote pericyte coverage of

immature vascular networks in vivo via pathways that partially depend on PDGFR signaling

(28). These findings were consistent with prior studies demonstrating that tumors from mice

treated with small-molecule thalidomide analogs have a two-fold increase in the number of

pericyte-covered microvessels (29). These studies suggested that thalidomide could be an

important tool to causally relate sunitinib cardiac toxicity to effects of the drug on pericytes.

We found that thalidomide ameliorated the effects of sunitinib on in vitro pericyte

proliferation, as measured by MTT assay (Fig. 6B) and real-time in vitro proliferation

measurements (Fig. S3A). We did not observe an effect of sunitinib or thalidomide on

primary fibroblast or endothelial cell viability in vitro (Figs. S3B & S3C). Thus, it appears

that pericytes are most sensitive to the in vitro cytotoxicity of sunitinib and are also

specifically protected by thalidomide. To determine if thalidomide can prevent sunitinib-

induced cardiotoxicity in vivo, we co-administered thalidomide with sunitinib to C57BL/6

mice for 14 days, then stopped both agents and continued to assess the mice for 14

additional days (experimental schematic shown in Fig. 6C). Thalidomide exerted a

protective effect on coronary microvascular dysfunction due to sunitinib in both the

treatment and recovery phases of the protocol (Fig. 6D). Furthermore, co-administration of

thalidomide prevented cardiac dysfunction due to sunitinib throughout the co-treatment

period and into early recovery (Fig. 6E). Expression of the pericyte markers PDGFR-β and

NG2 was greater in mice co-treated with sunitinib and thalidomide compared with sunitinib

alone (Fig. 6F) at the end of the treatment phase, but expression of these markers was

indistinguishable comparing the sunitinib and thalidomide-treated mice with mice that

received sunitinib alone 14 days after recovery (Fig. 6F). Confocal microscopy showed

preservation of pericyte coverage of coronary microvessels in mice treated with both

thalidomide and sunitinib (Fig. 6G). These findings demonstrate a cardioprotective effect

due to thalidomide and confirm the causal link between sunitinib-induced pericyte depletion

and cardiac dysfunction due to sunitinib.

To ascertain whether the thalidomide rescue strategy might have clinical application, we

studied the effects of co-administration of thalidomide and sunitinib in a human renal cell

carcinoma xenograft model (30). Tumor volumes were measured bi-weekly until average

tumor volume reached 250 mm3. Mice were then divided into groups and treated with

vehicle, thalidomide (75 µg/kg every other day; IP injection), sunitinib (40 mg/kg/d; oral

gavage) or sunitinib + thalidomide for at least 28 days. Cardiac hypertrophy and pulmonary

edema were not observed in any group (Fig. S3D). As observed in non-tumor bearing mice,

co-treatment with thalidomide ameliorated the sunitinib-induced decline in cardiac function

(Fig. S3E) and coronary microvascular function (Fig. S3F). Sunitinib robustly reduced the

rate of tumor growth, and this effect was not significantly altered by co-administration of

thalidomide (Fig. 6H); thalidomide itself exerted a minimal effect on the rate of tumor

growth. Taken together, these findings suggest that co-administration of thalidomide may

provide cardioprotection while preserving the anti-tumor effect in sunitinib-treated renal-cell

carcinoma patients.
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Discussion

We report here that the pericyte is the primary target of sunitinib-induced coronary

microvascular abnormalities and cardiac dysfunction. Our findings to support this claim are

1) sunitinib-induced cardiotoxicity is associated with depletion of coronary microvascular

pericytes resulting in changes in the coronary microvasculature; 2) pericyte loss is not a

feature of doxorubicin-induced cardiotoxicity, and the effects of sunitinib on pericytes are

specific to cardiac muscle; 3) pericyte loss and cardiac dysfunction seen with sunitinib is

recapitulated by a structurally distinct inhibitor of PDGFR-β signaling, an essential pro-

survival signaling pathway for pericytes; 4) the cytotoxic effect of sunitinib on pericytes is

inhibited by thalidomide; and 5) thalidomide prevents cardiac toxicity and coronary

microvascular dysfunction due to sunitinib in normal mice and in tumor-bearing mice.

Our study reports a physiological role for the pericyte as a regulator of coronary

microvascular function in the adult, mammalian heart. Pericyte abnormalities have been

correlated with cardiac developmental abnormalities in a variety of mouse lines (31, 32).

Several additional reports have described the presence of pericytes in the adult rodent

heart(24, 33), but the structural and functional descriptions of pericytes in these models were

incompletely developed. In contrast, the functional role of vascular pericytes in the CNS has

been appreciated for decades. A variety of critical functions have been ascribed to this cell

type in the brain, including the maintenance of the blood-brain barrier and stabilization of

cerebrovascular architecture(34). Lack of access to the CNS compartment may explain why

sunitinib has not been reported to cause overt neurotoxicity due to effects on CNS pericytes

in clinical studies or in pre-clinical models, including in our hands. Radiolabeling studies

have demonstrated minimal accumulation of sunitinib in the central nervous system(13),

perhaps due to the activity of the blood-brain barrier drug efflux transporters ABCB1 and

ABCG2(35). Nonetheless, our findings suggest that a broad exploration of the effects of

sunitinib on pericytes throughout the body is warranted.

Our findings indicate that pericytes are regulators of coronary microvascular function, but

the precise mechanism by which pericytes impact coronary microvascular function remains

undefined. Functional neuroimaging studies have demonstrated that cerebrovascular

pericytes contract to maintain cerebrovascular blood flow (36). Pericytes can also produce

specific growth factors (e.g. VEGF-A) that promote normal function and structure of the

microvascular endothelium (37, 38). In addition, pericytes provide structural support of

microvascular endothelial tubes by secreting specialized extracellular matrix (39). The

contribution of each of these pericyte functions described in other organs to their role in the

heart remains to be defined.

Another question is the cellular fate of pericytes in the hearts of sunitinib-treated mice.

Although our in-vitro studies indicate a direct cytotoxic effect, these studies have

insufficient temporal resolution to determine the true cellular fate of pericytes in vivo.

Intriguingly, we observed that in mice treated with sunitinib, cardiac and coronary

microvascular dysfunction was entirely reversible after a 2-week period of drug withdrawal.

In addition, our findings indicated that the pericytes themselves are restored after withdrawal

of sunitinib therapy. The reversibility of this phenotype is consistent with clinical

reversibility of sunitinib cardiotoxicity, as recently reported (40). The cellular pool that

contributes to the restoration of coronary microvascular pericytes after recovery from

sunitinib cardiac toxicity is an important area for future study.

The fact that sunitinib-induced cardiac dysfunction is rescued by an intervention that

prevents pericyte loss implies that the two phenomena are interdependent. A broad array of

genes associated with hypoxia, including the hypoxia sensing gene PHD3, are upregulated
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in hearts from mice treated with sunitinib, which suggests the intriguing possibility that

sunitinib-induced microvascular dysfunction causes myocardial hypoxia, leading to a

hibernating contractile state. However, we regard this connection as hypothesis-generating,

and it will be important in future studies to specifically understand the extent of hypoxia in

the hearts of sunitinib-treated animals and the contribution of myocardial hypoxia to the

contractile dysfunction that we observed.

In addition, it is possible that effects of sunitinib not related to pericytes may contribute to

sunitinib-induced contractile dysfunction. It has been previously reported that sunitinib can

bind to and inhibit AMP-activated kinase(41) (an “off-target” effect), and that

overexpression of an activated mutant of AMPK ameliorates sunitinib-induced

cardiomyocyte cytotoxicity(42). This effect should not be overlooked, and more detailed

studies are needed to understand the contribution of myocardial AMPK to the cardiotoxic

effects of sunitinib-induced pericyte loss that we describe in this study.

Our study provides insight into the cellular regulation of coronary microvascular function. It

is possible that cardiac pericyte abnormalities may play a role in heart failure not associated

with cancer therapy, such as in those cases in which microvascular function is abnormal.

Confirmation of this finding would implicate the enhancement of coronary microvascular

pericyte function as a therapeutic goal for the treatment of human heart failure.

More specifically, our findings indicate that the effects of sunitinib on coronary

microvascular pericytes are a result of inhibition of PDGFR signaling. Multiple anti-cancer

drugs targeting PDGFR have been associated with clinical cardiotoxicity (2, 43). It should

be noted, however, that alternative mechanisms of sunitinib-induced cardiotoxicity have also

been demonstrated (4, 42), and these biologic effects may contribute to the phenotype that

we have observed here. Additional clinical studies are warranted to determine whether

sunitinib-induced coronary microvascular dysfunction and pericyte loss occurs in humans,

and if low-dose thalidomide represents a rational cardioprotection strategy for patients at

high risk for cardiotoxicity due to sunitinib.

Materials and Methods

Animal models and drugs

UT MD Anderson Cancer Center IACUC approved all animal protocols. Sunitinib (Pfizer,

10 mg/ml) was dissolved in an oral gavage solution (PEG-300 (10%), Tween-80 (0.5%),

water, 0.1N hydrochloric acid, pH adjusted to 3.7). CP673451 was prepared according to

previously described methods (27) and mice were treated via oral gavage (CP673451; 40 ng/

kg/day) for 7–14 days. Thalidomide (Sigma-Aldrich, 75 µg/kg every other day; IP) was

dissolved in DMSO and mice were treated on alternate days for 14–28 days. Doxorubicin

(Sigma-Aldrich, 5 or 10 mg/kg/week; 7 or 14 days) was dissolved in PBS and mice were

treated intraperitoneally for 7 or 14 days. Transverse aortic constriction (TAC) surgeries

were performed based on previously described protocols (23). The sham procedure was

similar, except that the aorta was not ligated.

Cardiac Magnetic Resonance Imaging

Cardiac function in experimental mice was measured by MR scanning using a previously

described method(15). MR scanning experiments were performed with a Bruker 7.05-T MR

scanner (Biospin MRI). Multislice, multiframe short axis gradient sequences were used to

quantify LV end-diastolic and systolic volumes.
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Coronary Flow by Ex-vivo Langendorff

Total coronary flow was measured using a Langendorff (Harvard Apparatus) device as

described previously(44). Briefly, mice were deeply anesthetized with isoflurane. Hearts

were removed, the aorta cannulated and perfused at a constant pressure of 80 mmHg with a

modified Krebs-Henseleit buffer (120 mM NaCl, 5.9 mM KCl, 25 mM NaHCO3, 1.2 mM

MgCl2, 2.5 mM CaCl2, 0.5 mM EDTA, 16.7 mM glucose) equilibrated with 95% O2–5%

CO2 at 37oC. Hearts were surrounded with a 37oC water-jacketed bath. After an

equilibration period of 20–30 minutes, hearts were perfused with increasing concentrations

(10−9 to 10−5 M) of sodium nitroprusside (SNP) or adenosine or acetylcholine (10−8 M).

Perfusate was collected from the coronaries for the duration of one minute every five

minutes. Coronary flow rate was calculated as microliter of perfusate per minute per mg of

heart.

Ultrasound measurement of coronary flow reserve

Coronary flow reserve was measured as previously described(15). Ratios of peak velocities

at low (1%) and high (2.5%) dose isoflurane were reported as coronary flow reserve.

Cardiac Contractile Reserve (dP/dtmax)

For measurements of cardiac contractility, maximum developed pressure in the left ventricle

over time (dP/dtmax) was invasively measured with increasing concentration (1 mg/kg/min,

3 mg/kg/min, & 5 mg/kg/min) of dobutamine. Mice were deeply anesthetized with

isoflurane. A pressure-sensitive probe (1F; Millar) was carefully inserted into the left

ventricle. After stabilization of heart rate and LV pressures, various concentrations of

dobutamine were infused through the tail vein, and left ventricular pressure and heart rate

were recorded.

Immunoblot and quantitative densitometry

Standard Western blot protocol was used to measure protein levels (23). Primary antibodies

were directed at the following antigens: PDGFR-β (1:200 dilution), NG2 chondroitin sulfate

proteoglycan (NG2) (1:200 dilution) (Cell Signaling Technology) and phospho–PDGFR-β -
Tyr 1021 (1:500 dilution) (Santa Cruz Biotechnology). Protein bands were quantified via

densitometry using Fluorchem 8900 imaging software (Alpha Innotech). Protein expression

was normalized to GAPDH (antibody from Cell Signaling Technology).

Vessel tortuosity

Tortuosity measurements were made in a blinded fashion. Sunitinib and vehicle-treated

hearts were infused with 70 kDa tetramethylrhodamine-labeled dextran (Invitrogen). Hearts

were placed in a 1% agarose gel mold poured into a glass-bottom culture dish (MatTek), and

a bore approximately the diameter of the heart was created with molding clay. Confocal z-

stacks were acquired to obtain three-dimensional images of vessels at the apex. Images of

vessels were reconstructed and analyzed with Imaris (Bitplane). Custom-made ImarisXT

extensions were written in MATLAB (Mathworks) to calculate vessel tortuosity for each

branch (tortuosity, T, is defined as T = L/D, where L is the total arc length along a vessel

trace, and D is the total displacement between the beginning and end of the branch). The

tortuosity of all the vessels in a given image was calculated for each sample.

Immunofluorescence and confocal microscopy

Sections were incubated overnight at 4°C in Anti-NG2 or alpha smooth muscle actin

(aSMC) (Sigma) (1:200 dilution; Chemicon USA) and anti-CD31 (1:200 dilution;

PharMingen) in blocking buffer. After treatment with fluorescent-labeled secondary

antibody and DAPI (4′,6-diamidine-2-phenyl indole.2HCl), sections were imaged with an
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LSM 510 META inverted confocal microscope (Zeiss). Image J software (NIH) was used to

measure the NG2 and CD31 coverage area of each image. All NG2/CD31 stained coronary

microvessels were included in the analysis. The ratio between NG2 and CD31 pixel counts

was used to quantify pericyte coverage. For assessment of vascular permeability (leak), 21

day SM or vehicle-treated hearts were infused with 200 ml 0.9 kDa lysine-fixable

cadaverine conjugated to Alexa Fluor-555 (Life Technologies, 5 mg/ml in saline) directly

into the left ventricle. After 10 minutes, hearts were fixed in 10% formalin overnight and

then embedded in OCT, then processed for confocal imaging. Image J software (NIH) was

used to quantify fluorescence (Alexa Fluor-555) of each image.

Measurement of microvascular density

Microvascular density was quantified by counting the number of CD31+ microvessels

relative to the number of cardiomyocyte nuclei per section using a technique that we have

previously reported(15).

Wire myography

Wire myography on aortic rings to assess vascular contractility and relaxation was

performed as previously described(45).

Scanning electron microscopy

Cardiac tissue preparation for electron microscopy was performed using a previously

described method (24). Representative scanning electron micrographs were selected for

presentation by an investigator (K.D.) blinded to the treatment allocation. Pseudocoloring of

EM images was performed with Adobe Photoshop CS2. Grayscale images were colorized

with the “Hue/Saturation” function and the “History Brush” tool to color specific structures

recognizable by eye.

In vivo tumor xenograft

A sunitinib-sensitive, human-derived renal cell carcinoma cell line (786-0) was obtained

from Dr. Eric Jonasch (MD Anderson Cancer Center). 107 cells were suspended in 150 µl of

PBS, mixed with an equal volume of Matrigel (BD Biosciences) and injected

subcutaneously into the left flank of 8-week-old male nude mice. Mice were euthanized

when tumor volume exceeded 1500 mm3.

RNA isolation for quantitative RT-PCR and gene expression microarrays

Total RNA was isolated from heart tissues using Trizol (Invitrogen) reagent using the

manufacturer’s recommended protocol. RNA integrity was confirmed using an Agilent 2100

Bioanalyzer (Agilent Technologies), with samples run against an RNA ladder of specified

molecular weights (Eukaryote Total RNA Nano Series II, Agilent Technologies)

Gene expression microarrays

Mouse genome 430 2.0 array gene chips were purchased from Affymetrix and probed with

RNA according to the manufacturer’s recommended protocol using a double in vitro

transcription method. The data were then processed for analysis.

In Vitro Pericyte proliferation Studies

Human placental pericytes (Promocell,) were used as a model system for in vitro pericyte

studies. Similarly, human umbilical vein endothelial cells (HUVEC, Genlantis) and human

cardiac fibroblasts (HCF, Cell Systems Corporation) were used as model systems to study

endothelial cell and fibroblast behavior in vitro. Cells plated at 5000 cells/well were cultured
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in Pericyte Growth Medium, which is supplemented with serum and growth factors

(Promocell). Cells were then serum and growth factor starved in Pericyte Basal Medium

(Promocell) for 6 hrs and treated with 0.01–100 µM sunitinib for 24 hrs. Cell proliferation

was measured by MTT assay (Vybrant MTT, Invitrogen). In some experiments serum/

growth factor starved cells were treated with 1µM thalidomide or DMSO for 30 min

followed by addition of 1µM sunitinib. Cell proliferation was measured in real-time by

Xcelligence System (Roche Applied Sciences) or by MTT assay. Cell proliferation was

measured with MTT assay post-treatment with thalidomide and sunitinib.

Statistical Analysis

Data are presented as the mean ± S.E.M. Means were compared for statistical significance

with an unpaired, 2-tailed Student’s t test unless otherwise noted. Changes between multiple

groups were evaluated with ANOVA, and Tukey’s test was used to evaluate differences

between individual groups. Differentially expressed genes in microarrays were identified by

the modified t-tests implemented in the R package(46). The Benjamini-Hochberg method

was used to control false discovery rate(47).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sunitinib treatment induces coronary microvascular dysfunction
(A) Representative cardiac MRI images from mice treated with sunitinib or vehicle for 14

days. (B) Left ventricular ejection fraction of treated mice at various time points (n= 7–10

mice per group). (C) Heart weight/body weight and lung weight/body weight ratios of mice

treated for 14 days (n=7–10 mice per group). (D) Mean arterial pressure (MAP) in sunitinib

or vehicle-exposed mice measured by tail cuff (n=5–6 mice per group). (E) Representative

ultrasound tracings of dilated (induced with 2.5% isoflurane) and basal (with 1% isoflurane)

coronary flow after 14 days of treatment. (F) Quantification of coronary flow reserve

(dilated/basal flow) in sunitinib-treated and vehicle-treated mice (n=6–10 mice per group).

(G) Total coronary flow in response to increasing concentrations of adenosine measured in

ex-vivo heart preparations from sunitinib or vehicle-treated mice. (H) Quantitative RT-PCR

results probing for PHD3 (normalized to GAPDH) using total RNA extracted from cardiac

tissue of mice treated for the indicated number of days. * p <0.05
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Fig. 2. Sunitinib augments pressure overload-induced cardiac dysfunction
(A) Cardiac contractile reserve (maximal developed pressure over time, dP/dtmax) in

response to increasing concentrations of dobutamine in sunitinib or vehicle-treated mice

(n=7–8). (B) Heart weight/body weight and lung weight/body weight ratios of sunitinib or

vehicle-treated mice (n=8–9) after 14 days of TAC. (C) Cardiac ejection fraction in sunitinib

or vehicle-treated mice as measured by cardiac MRI after 0, 7 and 14 days of TAC (n=9–

10). (D) Coronary flow reserve in sunitinib or vehicle-treated mice after 0, 7, and 14 days of

TAC (n=7–10). (E) Quantification of vessel densities (CD31+ vessels/cardiomyocyte) in

cardiac sections from sunitinib or vehicle-treated mice after 14 days of TAC or 14 days of

treatment without TAC stress. (F) Immunohistochemical staining for CD31 in cardiac

sections from sunitinib or vehicle-treated mice after 14 days of TAC. Scale bar = 50 µm. (G)

Representative photomicrographs of Masson’s trichrome stained cardiac sections from

sunitinib or vehicle-treated mice after 14 days of TAC. Scale bar = 50 µm. (H)

Phosphorylated and total PDGFR β protein in pre-TAC and 14-day TAC mice treated with

sunitinib or vehicle. All results presented in this figure are representative of 2–3 independent

experiments. * p < 0.05
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Fig. 3. Coronary microvascular dysfunction in sunitinib-treated mice is associated with loss of
pericytes
(A) Coronary flow reserve in response to acetylcholine in mice treated for 14 days. (B) Total

coronary flow in response to increasing concentrations of sodium nitroprusside measured ex

vivo using hearts from sunitinib-treated or control mice after 14 days (n=7–8 hearts per

group). (C) NG2 protein expression in cardiac lysates from mice treated for 14 days. (D)

Densitometric quantification (from Western blotting) of NG2 protein normalized to GAPDH

at 3, 7, 14, or 21 days in hearts from sunitinib-treated mice relative to controls (n=4–5 mice

per time point); p-value calculated by ANOVA. (E) Confocal micrographs from

representative cardiac sections showing staining for the endothelial cell marker CD31 (red),

Chintalgattu et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2013 November 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



the pericyte marker NG2 (green), nuclear staining with DAPI (blue) and the merged image

(bottom right) from sunitinib (bottom panels) or vehicle-treated mice (top panels) after 14

days. Scale bar = 20 µm. (F) Quantification of NG2+ pericyte coverage of CD31+

microvessels in sunitinib or vehicle-treated mice after 14 or 21 days of treatment (n=4

animals per group). (G) Representative scanning electron micrographs of the cardiac

microvasculature from control or sunitinib-treated mice after 14 days of treatment.

Pseudocoloring is used (green for pericytes, red for microvessels) to aid in distinguishing

pericytes from underlying microvessels; gray-scale electron micrographs are shown in Fig.

S2E. Scale bar =5 µm. (H) Representative images of the coronary microvasculature derived

from computer-based reconstruction of dextran-perfused hearts of sunitinib-treated mice

(bottom panel) compared with vehicle-treated mice (top panel). * p < 0.05.
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Fig. 4. Pericyte abnormalities are not observed in skeletal muscle or after doxorubicin treatment
Percent contraction or relaxation in the presence of (A) phenylephrine (PE) or (B)

acetylcholine (Ach), respectively, in thoracic aortas isolated from mice treated with either

sunitinib or vehicle (n=4–5). (C) Confocal micrographs from representative skeletal muscle

(gastrocnemius) sections showing staining for the endothelial cell marker CD31 (red), the

pericyte marker NG2 (green), nuclear staining with DAPI (blue) and the merged image

(bottom right) from sunitinib (right panels) or vehicle-treated mice (left panels) after 14

days. Scale bar = 20 µm. (D) Quantification of coverage of CD31+ microvessels by NG2+

pericytes in heart and skeletal muscle isolated from treated mice (n=4 mice per group). (E)

Cardiac ejection fraction in doxorubicin or vehicle-treated mice, as measured by cardiac

MRI (n=4–5 mice per group). (F) Coronary flow reserve in doxorubicin or vehicle-treated

mice (n=4–5 mice per group). (G) NG2 protein expression (by Western blot) in cardiac

lysates from doxorubicin or vehicle-treated mice. (H) Confocal micrographs from

representative cardiac sections showing staining for the endothelial cell marker CD31 (red),

pericyte marker NG2 (green), nuclear stain for DAPI (blue) and the merged image (bottom

right) from mice treated with vehicle control (left panels), 5 mg/kg/wk doxorubicin (center

panels) or 10 mg/kg/wk doxorubicin (right panels). Scale bar = 20 µm. All results presented

in this figure are representative of 2–3 independent experiments, * p < 0.05.
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Fig. 5. Sunitinib-induced coronary dysfunction and pericyte loss is recapitulated by a PDGFR
inhibitor
(A) Chemical structures of sunitinib and CP-673451. (B) Heart weight or lung weight to

body weight ratios in CP-673451 or vehicle-treated mice (n=5 mice per group). (C) Left

ventricular ejection fractions assessed at seven or 14 days after initiation of treatment with

either CP-673451 or vehicle control as measured by cardiac MRI (n=5 mice per group). (D)

Coronary flow reserve assessed at seven or 14 days after initiation of treatment with

CP-673451 or vehicle (n=5 mice per group). (E) Confocal micrographs from representative

cardiac sections showing staining for CD31 (red), NG2 (green), and the merged image

(bottom left) from mice treated with vehicle control (top panels) or CP-673451 for 14 days.

Scale bar = 20 µm. (F) Western blot probed for NG2 and phospho-/total levels of PDGFR-β
from hearts of mice treated with vehicle for seven days or with CP-673451 for three or

seven days. Concentrations of PDGFR-β (G) or NG2 (H) in cardiac lysates from mice

treated with CP-673451 for three or seven days relative to levels in control-treated mice, as

measured by quantitative densitometry. Values are normalized to levels of GAPDH (n=4

independent samples per group). * p < 0.05
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Fig. 6. Sunitinib-induced pericyte cytotoxicity is ameliorated by co-treatment with thalidomide
(B) Pericyte viability measured by MTT assay after incubation for 24 hours with sunitinib at

the indicated dosages. 0 nM sunitinib cells were treated with DMSO only, and data are

presented as MTT values relative to 0 nM sunitinib cell values. (B) Pericyte viability

measured by MTT assay after 24 hours of treatment with DMSO (control), sunitinib malate

(SM, 1 µM), thalidomide (Thal, 1 µM) plus sunitinib (SM + Thal) or thalidomide alone

(Thal). Data presented as MTT values relative to control. (C) Overview of the protocol for in

vivo thalidomide rescue experiments. (D) Coronary flow reserve in sunitinib-treated mice

co-treated with either vehicle or thalidomide for 14 days followed by a 14-day recovery

period (n=5–8 mice per group per time point). Data are shown as coronary flow reserve
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index, the ratio of coronary flow reserve in mice treated with sunitinib plus vehicle to

coronary flow reserve in mice treated with sunitinib plus thalidomide (denoted “vehicle/

thalidomide”). (E) Left ventricular ejection fraction in sunitinib-treated mice co-treated with

either vehicle or thalidomide for 14 days followed by a 14-day recovery period. (F) Western

blot of cardiac lysates from mice co-treated with sunitinib plus vehicle or thalidomide after

14 days of treatment (left) or after recovery for 14 days, probed for NG2 and phospho-/total

PDGFR-β. (G) Confocal micrographs from representative cardiac sections showing staining

for CD31 (red), NG2 (green), DAPI (bottom left) and the merged image (bottom right) from

mice treated with sunitinib + vehicle (left panels) or sunitinib + thalidomide (right panels)

for 14 days. Scale bar = 20 µm. (H) Average tumor volume over time in vehicle,

thalidomide, sunitinib or sunitinib + thalidomide treated mice (n=6–10 mice per group). All

results presented in this figure are representative of 2–4 independent experiments, * p <

0.05.
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