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Vascular smooth muscle cell (VSMC) hypertrophy is the main cause of large-vessel noncompliance in elderly and
hypertensive individuals. VSMC hypertrophy, as strictly defined, is an increase in cell size without associated increases in
cell number. This process is associated with an increase in extracellular matrix deposition and an irreversible modulation
of VSMC phenotype. VSMC hypertrophy has detrimental effects on vascular remodeling, with consequences on the
circulation and metabolic demands of the left ventricle. Ultimately, VSMC hypertrophy can lead to systolic hypertension,
altered coronary perfusion, and hypertrophy of the left ventricle. It also contributes to mortality associated with end-stage
renal failure. These circumstances stress the need to develop a detailed understanding of the molecular mechanisms that
underlie the onset of VSMC hypertrophy. In the article by Braun-Dullaeus et al. in this issue of the JCI (1), new insights
about VSMC hypertrophy are derived from analyses of the cyclin-dependent kinase (Cdk) inhibitor p27Kip1 in angiotensin
II–stimulated cells in vitro. The Cdk’s function to control cellular proliferation through their association with activating
subunits, referred to as cyclins, whose levels are temporally regulated during the cell cycle. Cdk activities are also
regulated through association with inactivating subunits, referred to as Cdk inhibitors. In cellular differentiation, the
postmitotic state is achieved, in large part, by the upregulation of Cdk inhibitors that arrest cell-cycle activity. In […]
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Vascular smooth muscle cell (VSMC)
hypertrophy is the main cause of large-
vessel noncompliance in elderly and
hypertensive individuals. VSMC hyper-
trophy, as strictly defined, is an increase
in cell size without associated increases in
cell number. This process is associated
with an increase in extracellular matrix
deposition and an irreversible modula-
tion of VSMC phenotype. VSMC hyper-
trophy has detrimental effects on vascu-
lar remodeling, with consequences on
the circulation and metabolic demands
of the left ventricle. Ultimately, VSMC
hypertrophy can lead to systolic hyper-
tension, altered coronary perfusion, and
hypertrophy of the left ventricle. It also
contributes to mortality associated with
end-stage renal failure. These circum-
stances stress the need to develop a
detailed understanding of the molecular
mechanisms that underlie the onset of
VSMC hypertrophy.

In the article by Braun-Dullaeus et al.
in this issue of the JCI (1), new insights
about VSMC hypertrophy are derived
from analyses of the cyclin-dependent
kinase (Cdk) inhibitor p27Kip1 in
angiotensin II–stimulated cells in vitro.
The Cdk’s function to control cellular
proliferation through their association
with activating subunits, referred to as
cyclins, whose levels are temporally reg-
ulated during the cell cycle. Cdk activi-
ties are also regulated through associa-
tion with inactivating subunits, referred
to as Cdk inhibitors. In cellular differ-
entiation, the postmitotic state is
achieved, in large part, by the upregula-
tion of Cdk inhibitors that arrest cell-
cycle activity. In addition to these devel-
opmental cues, Cdk inhibitor
expression is also controlled by envi-
ronmental conditions that modulate
cell growth, including exposure to γ-
irradiation, cell-cell contact, and
cytokine stimulation. The Cdk
inhibitor p27Kip1 and its homologues
p21Cip1 and p57Kip1 have a broad speci-

ficity for Cdk’s, and they inhibit activi-
ty by forming higher-order complexes
with the cyclin/Cdk holoenzyme. In
VSMCs, the Cdk inhibitors p27Kip1 and
p21Cip1 have previously been implicated
in terminating VSMC proliferation in
intimal lesions (2, 3).

Braun-Dullaeus et al. provide com-
pelling evidence that suggests that
p27Kip1 functions as a molecular switch
in determining whether VSMCs under-
go hypertrophy or hyperplasia in
response to external stimuli. Their
experiments show that various cyclins
and Cdk’s are upregulated in response
to both angiotensin II, which induces
hypertrophy, and serum, which induces
hyperplasia. However, levels of p27Kip1

decline in serum-treated cells but not in
angiotensin II–treated cells. Moreover,
it is shown that angiotensin II does not
increase Cdc2 or Cdk2 activity, consis-
tent with a cell-cycle block. To provide
causal evidence that p27Kip1 controls
VSMC hypertrophy, the investigators
first show that VSMC hypertrophy
could be induced in serum-stimulated
cells when p27Kip1 is overexpressed. In
critical experiments, antisense oligonu-
cleotides were used to ablate p27Kip1

expression. Acute p27Kip1 ablation
blocked hypertrophy and promoted
hyperplasia in VSMCs upon incubation
with angiotensin II. Simply said, this
study suggests that VSMC hypertrophy
is a consequence of growth stimulation
when cell-cycle progression is blocked.

The observations of Braun-Dullaeus
et al. in cultured VSMCs are consistent
with the phenotype of the p27Kip1

knockout mouse. These mice contain
enlarged organs that are comprised of
an increased number of cells that, sur-
prisingly, are smaller than correspon-
ding cells from the wild-type mouse (4,
5). Since, it has been shown that chron-
ic stimulation of the renin-angiotensin
system in rats will result in hyperten-
sion and VSMC hypertrophy (6), a pre-

diction of the model put forth by
Braun-Dullaeus et al. is that aging or
renovascular hypertension would pro-
mote hyperplasia, rather than hyper-
trophy, in the capacitance vessels of
p27Kip1 knockout mice. Such a study
could provide important corroborative
evidence for this hypothesis.

Although the observations of Braun-
Dullaeus et al. significantly extend our
understanding of VSMC hypertrophy,
one must also acknowledge that their
findings do not completely account for
the VSMC phenotype observed in eld-
erly and hypertensive patients and ani-
mals. For example, it has long been
known that hypertrophic VSMCs are
frequently polyploid, containing more
than a diploid number of chromo-
somes (7). Although it has not been for-
mally documented, hypertrophy-asso-
ciated VSMC polyploidization probably
arises from endoreplication, the reentry
of cells with tetraploid DNA content
into S phase. Therefore, Cdk inhibitors
might be expected to inhibit poly-
ploidization in VSMCs on the basis of
their ability to block cell-cycle progres-
sion at G1 phase in tetraploid cells (8).
Consistent with this hypothesis, it has
been shown that loss of the Cdk
inhibitor p21Cip1 leads to a disruption
of cell-cycle checkpoint control and
causes cells to accumulate polyploid
nuclei (8, 9). Polyploidization in
megakaryocytic cells is also associated
with the downregulation of p21Cip1 and
p27Kip1 (10). Furthermore, there may be
a causal relationship between poly-
ploidization and hypertrophy. Poly-
ploid VSMCs have up to 5 times the
mass and express twice as much extra-
cellular matrix as their diploid counter-
parts (7, 11). This appears to be a gen-
eral trait, as polyploidization in yeast is
also associated with cell enlargement,
which is attributed to lengthening of
the G1 phase through suppression of
G1 cyclins (12). Collectively, these find-

The Journal of Clinical Investigation | September 1999 | Volume 104 | Number 6 673

DNA replication and 
smooth muscle cell hypertrophy

Kenneth Walsh,1,2 Ichiro Shiojima,1 and Antonio Gualberto1,3

1Division of Cardiovascular Research, St. Elizabeth’s Medical Center, Tufts University School of Medicine, Boston, Massachusetts 02135, USA
2Program in Cell, Molecular and Developmental Biology, Tufts University, Sackler School of Biomedical Studies, Boston, Massachusetts 02135, USA
3Central Research Division, Pfizer Inc., Groton, Connecticut 06340, USA

Address correspondence to: Kenneth Walsh, Division of Cardiovascular Research, St. Elizabeth’s Medical Center, 736 Cambridge Street, Boston,
Massachusetts 02135, USA. Phone: (617) 562-7501; Fax: (617) 562-7506; E-mail: kwalsh@opal.tufts.edu or kwalsh@world.std.com.

See related article in this
issue, pages 815–823.

Commentary



ings suggest that other cell-cycle regu-
lators may also participate in the hyper-
trophic process in VSMCs

In summary, Braun-Dullaeus et al.
have put forth a new and interesting
hypothesis regarding the mechanisms
that underlie VSMC hypertrophy. How-
ever, many questions remain. For exam-
ple, what is the relationship between
p27Kip1 and polyploidization in VSMCs?
Is there a causal relationship between
VSMC polyploidization and hypertro-
phy? Furthermore, Ushio-Fukai et al.
(13) recently reported that the
serine/threonine protein kinase Akt1 is
essential for angiotensin II–induced
VSMC hypertrophy. Thus, what is the
relationship, if any, between p27Kip1 and
Akt1? In view of recent advances in the
understanding of molecular control
mechanisms in DNA replication and

hypertrophy, we anticipate rapid
progress in this area.
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