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OBJECTIVES The aim of this study was to examine which component of drug-eluting stents (DES) plays a major role in

enhanced coronary vasoconstricting responses after DES implantation in pigs.

BACKGROUND Recent studies have reported unremitting angina due to vasomotion abnormalities even after suc-

cessful DES implantation. However, it remains to be elucidated which component of DES (metal stent, polymer coating,

or antiproliferative drug) is responsible for DES-induced coronary hyperconstricting responses.

METHODS We developed poly-DL-lactic acid and polycaprolactone (PDLLA-PCL) copolymer technology with higher

biocompatibility that is resorbed within 3 months. Four types of coronary stents were made: 1) a stent with polylactic acid

(PLA) polymer coating containing antiproliferative drug (P1þDþ); 2) a stent with PLA polymer coating alone without any

drug (P1þD–); 3) a stent with novel PDLLA-PCL polymer coating alone (P2þD–); and 4) a bare metal stent (P–D–). The

4 stents were randomly deployed in the left anterior descending and left circumflex coronary arteries in 12 pigs.

RESULTS After 1 month, coronary vasoconstriction by intracoronary serotonin was enhanced at P1þDþ and P1þD– stent

edges compared with P2þD– and P–D– stent edges and was prevented by a specific Rho-kinase (a central molecule of

coronary spasm) inhibitor, hydroxyfasudil. Immunostainings showed that inflammatory changes and Rho-kinase activa-

tion were significantly enhanced at P1þDþ and P1þD– sites compared with P2þD– and P–D– sites. There were significant

positive correlations between the extent of inflammation or Rho-kinase expression/activation and that of coronary

vasoconstriction.

CONCLUSIONS These results indicate the important roles of PLA polymer coating in DES-induced coronary vasocon-

stricting responses through inflammatory changes and Rho-kinase activation in pigs in vivo, which are ameliorated by

PDLLA-PCL copolymers. (J AmColl Cardiol Intv 2016;9:281–91)©2016 by theAmerican College of Cardiology Foundation.
m the Department of Cardiovascular Medicine, Tohoku University Graduate School of Medicine, Sendai, Japan. This work was

pported in part by grants-in-aid for Scientific Research (18890018); the Global COE Project (F02); grants-in-aid (H22-Shinkin-

4) from the Japanese Ministry of Education, Culture, Sports, Science, and Technology, Tokyo, Japan (to Dr. Shimokawa); and a

nt for young investigators of translational research from Tohoku University Hospital (Dr. Matsumoto). The authors have

orted that they have no relationships relevant to the contents of this paper to disclose.

nuscript received August 10, 2015; accepted September 24, 2015.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcin.2015.09.041&domain=pdf
http://dx.doi.org/10.1016/j.jcin.2015.09.041


ABBR EV I A T I ON S

AND ACRONYMS

DES = drug-eluting stent(s)

EES = everolimus-eluting

stent(s)

PCI = percutaneous coronary

intervention

PDLLA-PCL = poly-DL-lactic

acid and polycaprolactone

PLA = polylactic acid

P1þDþ stent = stent with a

polylactic acid polymer and a

drug

P1þD� stent = stent with a

polylactic acid polymer but

without a drug

P2þD� stent = stent with a

poly-DL-lactic acid and

polycaprolactone copolymer

but without a drug

P�D� stent = stent without a

polymer or a drug

VSMC = vascular smooth

muscle cell
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D rug-eluting stents (DES) have been
used most frequently in the field of
interventional cardiology world-

wide (1). Antiproliferative drug-elution of
DES, which is controlled for a fixed period by
a polymer coating, has dramatically inhibited
neointimal formation and consequent risk of
in-stent restenosis (2). Despite these benefi-
cial aspects, DES show no beneficial prog-
nostic effect compared with conventional
bare metal stents (3). Notably, several large-
scale trials demonstrated that 30% of patients
with stable angina were still symptomatic 1
year after successful percutaneous coronary
intervention (PCI) (4) and that an initial
improvement of angina immediately after
revascularization was minimized at 3-year
follow-up compared with medical treatment
(5). Surprisingly, new or worsening angina
was also documented in patients who under-
went successful PCI with the most promising
product, everolimus-eluting stents (EES) (6).
SEE PAGE 292
Recently, impaired coronary vasomotion after DES im-
plantation has been reported (7–16) as a cause of new or
unremitting angina and a predictor of poor vascular
healing and subsequent stent thrombosis. Indeed, we
have demonstrated that DES-induced coronary
hyper-reactivity causes sudden cardiac arrest even af-
ter coronary revascularization (15). Thus, DES-induced
coronary hyperconstricting responses are an emerging
concern in the long-term safety of DES implantation.

We previously demonstrated that activation of a
Rho-kinase pathway, which we have identified as the
central molecular mechanism of coronary spasm
(16–19), is involved in the pathogenesis of DES-
induced coronary hyperconstricting responses in
animals (11–13) and humans (14) and that inflamma-
tory changes from DES subsequently cause Rho-
kinase activation (12–14). A DES consists of 3 major
components: a metal stent, a polymer coating, and an
antiproliferative drug (1). Although a polymer coating
could promote inflammatory changes (20,21), it re-
mains to be fully elucidated which component of a
DES plays a major role in DES-induced coronary
hyperconstricting responses.

To eliminate the unfavorable effects of DES, a
sophisticated biocompatible device is warranted. A
poly-DL-lactic acid and polycaprolactone (PDLLA-PCL)
copolymer matrix has been recently developed as an
innovative polymer technology with higher biocom-
patibility and is resorbed within 3 months (22,23),
whereas the current polylactic acid (PLA) biocom-
patible polymers are resorbed for up to 6 months (24).

In the present study, we thus examined whether a
polymer coating is responsible for DES-induced cor-
onary hyperconstricting responses through Rho-
kinase activation in pigs in vivo and, if so, whether
novel PDLLA-PCL copolymer technology ameliorates
coronary hyperconstricting responses.

METHODS

All procedures were performed according to the pro-
tocols approved by the Institutional Committee for
Use of Laboratory Animals of Tohoku University
(2013MdA-059).

Detailed methods are provided in the Online
Methods and Online Figure 1.

RESULTS

STENT IMPLANTATION. The 4 different stents
(P1þDþ, P1þD�, P2þD�, and P�D� stents) were
randomly implanted in a total of 24 coronary seg-
ments (left anterior descending and left circumflex
arteries) of 12 miniature pigs (Figure 1). There was no
significant difference in the stenting procedure,
including the number of major branch points at the
stent implantation sites, in the 4 groups (Online
Table 1).

CORONARY VASOMOTION AT 1 MONTH AFTER

STENT IMPLANTATION. At 1 month after stent im-
plantation, no significant in-stent restenosis was
observed in the 4 groups (Figures 2A, 2D, 2G, and 2J).
Notably, coronary vasoconstricting responses to
intracoronary serotonin were enhanced at the prox-
imal and distal stent edges of the P1þDþ and
P1þD� sites comparedwith the P2þD� and P�D� stent
edges (Figures 2B, 2E, 2H, and 2K), and all of them were
abolished by pre-treatment with intracoronary
hydroxyfasudil, a selective Rho-kinase inhibitor
(Figures 2C, 2F, 2I, and 2L). Quantitative coronary
angiography showed that serotonin-induced coronary
vasoconstriction was significantly enhanced at the
P1þDþ and P1þD� stent edges compared with the
P2þD� and P�D� stent edges (Figure 3). In contrast,
endothelium-dependent and -independent coronary
vasodilating responses to nitroglycerin and bradyki-
nin, regardless of the presence or absence of NG-mon-
omethyl-L-arginine, respectively, were all comparable
in the 4 groups (Online Figure 2).

HISTOMORPHOMETRY AT THE STENT IMPLANTATION

SITES AND THE STENT EDGES. At the stent implanta-
tion sites, the percentage of area stenosis tended
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FIGURE 1 Study Protocol

The 4 different stents, P1þDþ, P1þD�, P2þD�, and P�D� (6 each), were randomly implanted in the LAD and LCX in 12 miniature pigs. At

1 month after stent implantation, animals underwent follow-up coronary angiography to assess coronary vasomotion in vivo and were then

euthanized for histological and immunohistological analyses of the inflammation and expression/activity of Rho-kinase. IC ¼ intracoronary;

LAD ¼ left anterior descending coronary artery; LCX ¼ left circumflex coronary artery; P�D� ¼ stent without a polymer or a drug; P1þDþ ¼
stent with a polylactic acid polymer and a drug; P1þD� ¼ stent with a polylactic acid polymer but without a drug; P2þD� stent with a poly-DL-

lactic acid and polycaprolactone copolymer but without a drug; PDLLA-PCL ¼ poly-DL-lactic acid and polycaprolactone; PLA ¼ polylactic acid.
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to be lower at the P1þDþ sites compared with other 3
groups (Figures 4A to 4D, Online Table 2). Endothe-
lialization was almost complete at the 4 sites,
although slightly less at the P1þDþ sites compared
with the other 3 sites (Online Table 2). At the stent
edges, no significant difference in the histo-
morphometry was noted at the 4 stent sites (Online
Table 3).
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FIGURE 2 Coronary Vasoconstricting Responses at the Stent Edges 1 Month After Stent Implantation in Pigs In Vivo

Representative left coronary angiograms after nitroglycerin (10 mg/kg, IC) (A, D, G, J), serotonin alone (100 mg/kg, IC) (B, E, H, K), and se-

rotonin after pre-treatment with hydroxyfasudil (a selective Rho-kinase inhibitor, 300 mg/kg IC) (C, F, I, L) 1 month after stent implantation. No

in-stent restenosis was noted in the 4 groups (A, D, G, J). Serotonin-induced coronary vasoconstriction was enhanced at the P1þDþ and P1þD�
stent edges compared with the P2þD� and P�D� stent edges (B, E, H, K) and was prevented with hydroxyfasudil (C, F, I, L). Each bar indicates

stent implantation sites; each arrow, stent edges. Abbreviations as in Figure 1.
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INFLAMMATORY CHANGES IN THE STENT SITES AND

STENT EDGES. At the stent implantation sites, the
extent of inflammation was significantly greater at
the P1þDþ and P1þD� sites compared with the
P2þD� and P�D� sites (Figures 4E to 4H, and 4M).
At the stent edges, more intense inflammatory
changes were noted in the coronary adventitia
compared with the intima or media (Figures 4I
to 4L). The extent of adventitial inflammation of
the stent edges was significantly greater at the
P1þDþ and P1þD� stent edges compared with
the P2þD� and P�D� stent edges (Figure 4N).



FIGURE 3 Quantitative Coronary Angiography for Coronary Vasoconstricting

Responses 1 Month After Stent Implantation in Pigs In Vivo

Results of quantitative coronary angiography for coronary vasoconstricting response to

serotonin (10 and 100 mg/kg IC) before and after hydroxyfasudil (90 and 300 mg/kg

IC) 1 month after stent implantation. Coronary vasoconstricting responses to serotonin

were equally enhanced at the P1þDþ and P1þD� stent edges compared with the

P2þD� and P�D� stent edges. Those responses were all prevented by pre-treatment

with hydroxyfasudil. Results are expressed as mean � SEM. Abbreviations as in

Figure 1.
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There were significant positive correlations be-
tween the extent of the inflammation at the
stent implantation sites and the stent edges and
that of serotonin-induced coronary vasoconstriction
(Figures 4O and 4P).

RHO-KINASE ACTIVITY AT THE STENT EDGE.

Immunoreactivity of Rho-kinase expression (Rho-
kinase isoform b) and Rho-kinase activation (phos-
phorylated myosin phosphatase target subunit 1)
was enhanced at the coronary media of the P1þDþ
and P1þD� stent edges compared with P2þD� and
P�D� stent edges (Figures 5A to 5O). Importantly,
there were significant positive correlations between
the extent of Rho-kinase expression/activation
and that of serotonin-induced coronary vasocon-
striction (Figures 5P to 5R). All parameters in-
cluding vasoconstriction to intracoronary serotonin,
inflammation, and Rho-kinase expression/activation
were not affected by the measurement position
(left anterior descending artery vs. left circum-
flex artery, proximal site vs. distal site) (Online
Tables 4 and 5).

DISCUSSION

The major findings of the present study were that
coronary vasoconstricting responses were signifi-
cantly enhanced at the P1þDþ and P1þD� sites
compared with the P�D� site at 1 month after stent
implantation in pigs in vivo, which were dramatically
attenuated at P2þD� site and those functional alter-
ations were significantly associated with adventitial
inflammatory changes and Rho-kinase activation
(Figure 6).

ESSENTIAL ROLE OF A POLYMER COATING IN DES-

INDUCED CORONARY HYPERREACTIVITY. Widespread
use of DES has reduced the late lumen loss and
the rate of repeat revascularization (1,2). However,
an improvement in symptoms exhibited by suc-
cessful PCI is still limited. Emphasis should be
placed on the fact that 30% of stable angina
patients remained symptomatic 1 year after PCI
(4). Surprisingly, new or worsening angina was
also documented in the patients who underwent
PCI with EES (6). DES-induced coronary hyper-
constricting responses have currently been raised
as an important issue (7–16), resulting in new
or unremitting angina after DES implantation.
The high prevalence of coronary vasomotor abnor-
malities after PCI (w50%) was recently reported
(25). Impaired coronary vasomotion is associated
with increased cardiovascular risks (26). Indeed,
we recently reported on a patient who had
cardiac arrest associated with DES-induced coro-
nary hyperconstriction (15). Thus, more attention
should be paid to coronary hyperconstricting re-
sponses and resulting new or worsening angina
after successful PCI with DES.

A DES consists of 3 components: a metal stent, a
polymer coating, and an antiproliferative drug (1).
Although a polymer coating is necessary to permit
the drug release kinetics for a fixed period, persis-
tent polymer residues in the coronary arterial
wall may be most responsible for the late-phase
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FIGURE 4 Histological Analysis of Inflammatory Changes

Representative hematoxylin-eosin stainings of P1þDþ (A, E, I), P1þD� (B, F, J), P2þD� (C, G, K), and P�D� sites (D, H, L) 1 month after stent

implantation. Results of the semiquantitative analysis of the inflammatory changes in the stent implantation sites (M) and those in the

adventitia of the stent edges (N). The extent of inflammatory changes were significantly greater in P1þDþ and P1þD sites compared with P2þD

� and P�D� stent edges (M, N). There were significant positive correlations between the extent of inflammatory changes and that of

serotonin-induced coronary vasoconstriction (O, P). Results are expressed as mean � SEM (M, N). Abbreviations as in Figure 1.
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inflammatory changes after DES implantation (20).
We have also demonstrated that sirolimus-eluting
stents enhance coronary vasoconstricting responses
compared with its platform bare metal stents
through inflammatory changes and subsequent Rho-
kinase activation in pigs and humans (11,14), sug-
gesting that the polymer coating or the eluting
drug, but not the metal stent, may be responsible
for the DES-induced coronary hyperconstricting
responses. In the present study, all of the cor-
onary stents were made of stainless steel with
120-mm-thick strut to precisely evaluate the effects
of a polymer coating and an eluting drug (Online
Figure 1). Although it has been hypothesized that
hyperreactivity to a polymer coating is involved in
the impairment of coronary vasoconstriction (7–13),
the influence of each stent component remains to
be fully elucidated. In the present study, we were
able to demonstrate that removal of both a PLA
polymer coating and an eluting drug from DES
system (P�D�) significantly reduced coronary
hyperconstricting responses, whereas drug removal
alone (P1þD�) was insufficient. These results
thus provide the first direct evidence that poly-
mer coating residues play a major role in the
coronary hyperconstricting responses after DES
implantation.

POTENTIAL BENEFITS OF PDLLA-PCL COPOLYMERS

ON DES-INDUCED CORONARY HYPERREACTIVITY.

Polymer blends of the PDLLA and the PCL matrix,
termed PDLLA-PCL copolymers, have actively been
used as biocompatible materials in clinical practice
(27). The PDLLA-PCL polymers have achieved
on higher biocompatibility and resorbed within 3
months (22,23) compared with the current PLA
polymers that are resorbed for 6 to 9 months (24).
Intriguingly, the stents with PDLLA-PCL copolymers
alone (P2þD�) could dramatically ameliorate coro-
nary hyperconstricting responses compared with the
stents with PLA polymers alone (P1þD�). In the
present study, an equivalent amount of polymers
was applied to both P1þD� and P2þD� stents using
the same abluminal-coating method (Figure 1)
(10,28). It is thus conceivable that the total amount
of polymer residues was much lower at the P2þD�
sites compared with the P1þD� sites at 1 month after
stent implantation. Although it was difficult to
obtain detailed data on the degradation of each
polymer after P1þD� and P2þD� stent implantation
in pigs in vivo, the profound reduction of PDLLA-
PCL polymer residues at the P2þD� sites may exert
inhibitory effects on coronary hyperconstricting
responses.
INFLAMMATORY CHANGES AND RHO-KINASE ACTI-

VATION AFTER DES IMPLANTATION. In the present
study, histological examination demonstrated that
inflammatory changes at stent implantation sites
and stent edges were significantly enhanced at the
P1þDþ and P1þD� sites compared with the P2þD�
and P�D� sites. Furthermore, there was a signifi-
cant positive correlation between the extent of in-
flammatory changes and that of serotonin-induced
coronary vasoconstriction. At the stent edges, more
intense inflammatory changes were noted in the
coronary adventitia compared with the intima or
media. We previously demonstrated that the stent
deployment initiates adventitial inflammatory
changes and that chronic adventitial inflammatory
changes are able to induce coronary spasm in pigs
in vivo (29,30). Taken together, the present results
indicate that inflammatory changes after DES im-
plantation are closely associated with the enhanced
coronary vasoconstricting responses in which poly-
mer residues may play a major role.

We have also previously demonstrated that Rho-
kinase expression/activation in vascular smooth
muscle cells plays a key role in the pathogenesis of
coronary spasm (16–19) and DES-induced coronary
hyperconstricting responses (11–13) in pigs. The
present results showed that Rho-kinase expression
and activation at the stent edges were enhanced,
especially in the medial vascular smooth muscle
cells of the P1þDþ and P1þD� sites compared with
the P2þD� and P�D� sites. Intriguingly, significant
positive correlations were noted between the
extent of Rho-kinase expression/activation and that
of serotonin-induced coronary vasoconstriction.
Because inflammatory stimuli up-regulates Rho-
kinase expression/activity (31), it is highly possible
that the polymer coating itself enhances coro-
nary vasoconstricting responses through widespread
inflammation around the stents with resultant Rho-
kinase up-regulation and activation in the medial
vascular smooth muscle cells at the stent edges.
Moreover, small amount of polymer residues might
minimize inflammatory changes and resultant Rho-
kinase activation.

POTENTIAL THERAPY FOR THE INHIBITION OF DES-

ENHANCED VASOCONSTRICTION. PLA polymers
have a biocompatible property resorbed for 6 to 9
months and have already been applied to the
commercially available coronary stents (24). In the
present study, PLA polymers appeared to show
the mild but appreciable inflammatory changes
and enhance coronary vasoconstricting responses,
regardless of the PLA biocompatibility. A pig study
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FIGURE 5 Immunohistological Analysis of Rho-kinase Expression and Activity

Representative immunostainings of P1þDþ, P1þD�, P2þD�, and P�D� edges for Rho-kinase b (ROCK1) (A to D), Rho-kinase a (ROCK 2)

(E to H) and phosphorylated myosin phosphatase target subunit 1 (pMYPT1) (a marker of Rho-kinase activity) (I to L) 1 month after stent

implantation. Results of the semiquantitative analysis for the extent of ROCK1 (M), ROCK2 (N), and pMYPT1 (O). Immunoreactivities for ROCK1

and pMYPT1 were significantly enhanced in the medial layer of the P1þDþ and P1þD– edges compared with the P2þD– and P–D– edges

(M to O). There were significant positive correlations between the extent of Rho-kinase expression/activation and that of serotonin-induced

coronary vasoconstriction (P to R). Results are expressed as mean � SEM (M to O). Abbreviations as in Figure 1.
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demonstrated that mild inflammatory changes are
prominent around DES with PLA polymers in pigs
(28), supporting the present result. Notably, it was
recently reported that unremitting angina attack
5 months after successful implantation of a bio-
resorbable vascular scaffold made of PLA polymers



FIGURE 6 Summary of the Present Study and Working Hypothesis

Coronary vasoconstricting responses were enhanced in the P1þDþ and P1þD� sites

compared with P�D� sites 1 month after stent implantation in pigs in vivo,

suggesting that the polymer coating plays a major role in DES-induced coronary

hyperconstriction. PLA polymer coating initiates the mild but appreciable extent of

inflammatory changes in the stent sites and in the coronary adventitia of the stent

edges. At the stent edge, adventitial inflammation subsequently enhances Rho-kinase

expression and activity in the medial vascular smooth muscle cells. Finally,

DES-induced coronary hyperconstricting responses occur. In contrast, PDLLA-PCL

P2þD– dramatically ameliorates DES-induced coronary hyperconstricting responses

to its excellent biocompatible property. Abbreviations as in Figure 1.
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was caused by coronary vasospastic responses (32).
Thus, novel polymer technology with higher
biocompatibility is needed for an extreme reduc-
tion of hyperreactivity to polymer residues and
resultant unfavorable effects. On the basis of the
present results, the PDLLA-PCL copolymer coating
could be a promising biomaterial to ensure the
long-term safety of DES implantation. In fact, the
newly developed sirolimus-eluting stents with
PDLLA-PCL copolymers (Online Figure 1) showed
the 9-month short-term safety and efficacy profiles
similar to those of EES (23) and preserved normal
coronary vasomotor responses to maximal atrial
pacing in humans (22). The long-term efficacy of
this novel DES system should be examined in
future studies with a special reference to angina
due to DES-induced coronary hyperconstricting
responses.

We previously demonstrated that Rho-kinase
inhibitors are effective for coronary spasm in pa-
tients with vasospastic angina (16–19). In the pre-
sent study, hydroxyfasudil, a selective Rho-kinase
inhibitor, prevented serotonin-induced coronary
hyperconstriction in vivo, indicating that Rho-
kinase inhibitors could be another therapeutic
option for DES-induced coronary hyperconstricting
responses.

STUDY LIMITATIONS. Several limitations should be
mentioned for the present study. First, because
the present study was performed in normal pigs
without pre-existing coronary atherosclerotic le-
sions, caution should be used when extrapolating
the present findings to the clinical settings. How-
ever, the present study with normal pigs allowed
us to fully examine the foreign body reaction to
the biomaterials. Second, because we did not have
facilities to prepare the durable polymer-coated
stents, the roles of nonbioabsorbable durable
polymers applied to the most widely used EES
remain to be elucidated (Online Figure 1). However,
we were able to demonstrate the beneficial effects
of novel biocompatible PDLLA-PCL copolymers
compared with the PLA polymers. Third, we used
serotonin to examine coronary vasoconstricting
responses, as previously described (11–13,16–18).
Although acetylcholine is most frequently used to
provoke coronary artery spasm in the clinical
setting, serotonin may better mimic spontaneous
coronary spasm in humans than acetylcholine (33).
Finally, the effects of endothelial shear stress on
the altered vascular responses after stent implanta-
tion remain to be examined in future studies.
However, for precise quantitative coronary
angiography analysis, the stents were gently
deployed across the major side branches in the
present study, predisposed to the development of
low endothelial shear stress and subsequent in-
flammatory changes (34). Furthermore, all parame-
ters evaluated in the present study were not
affected by the measurement position (e.g., prox-
imal site vs. distal site). Because endothelial shear
stress is also driven by the thick-strut stents (35),
thinner strut stents (1,24) may be useful to address
this issue in future studies.

http://dx.doi.org/10.1016/j.jcin.2015.09.041
http://dx.doi.org/10.1016/j.jcin.2015.09.041


PERSPECTIVES

WHAT IS KNOWN? DES-induced coronary hyper-

constricting responses remain an important concern,

resulting in unremitting angina even after successful

revascularization.

WHAT IS NEW? The present study demonstrates for

the first time that of the 3 components of a DES

(metal stent, polymer coating, and antiproliferative

drug), the polymer coating plays a major role in the

pathogenesis of DES-induced coronary hypercon-

stricting responses through inflammatory changes

and subsequent Rho-kinase activation in pigs in vivo,

which could be ameliorated by novel PDLLA-PCL

copolymer technology.

WHAT IS NEXT? Thus, a novel DES system using a

PDLLA-PCL copolymer could be a promising device to

reduce vasomotion abnormalities after DES

implantation.
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CONCLUSIONS

The present study demonstrates the important
roles of a PLA polymer coating in DES-induced
coronary vasoconstricting responses through in-
flammatory changes and Rho-kinase activation in
pigs in vivo, which are ameliorated by PDLLA-PCL
copolymers.
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