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Abstract

Previous data in rat conductance vessels indicated that cellu-
lar mevalonate contributes to vascular tone and systemic
blood pressure control. Using exogenous mevalonate (M)
or lovastatin, a 3-hydroxy-3-methyl-glutaryl CoA (HMG-
CoA) reductase inhibitor (L), we characterized the role of
mevalonate availability in resistance artery function, both
in experimental animals and humans. Rat mesenteric artery
resistance vessels (MARYV, n = 9) were incubated for 48 h
with either L, M, L + M, or vehicle (V) and tested for
reactivity to NE, serotonin, acetylcholine, atrial natriuretic
peptide, and sodium nitroprusside (SNP). Lovastatin in-
creased sensitivity to NE (P < 0.03) and serotonin (P
< 0.003), and significantly impaired the response to all
three vasodilators. These effects were reversed by co-incuba-
tion with mevalonate. Mevalonate alone had no effect. In
separate experiments, intravascular free Ca** concentration
(;w¢Ca?") was determined in fura-2AM loaded MARYV. Basal
weCa®* was increased after a 48-h exposure to L (52.7+:4.6
nM, L, vs. 29.7+24 oM, V, n = 12, P < 0.003), as were
wtCaZ* levels following stimulation with low (100 nM)
NE concentrations. Similar ,,Ca’* concentrations were
achieved during maximum contraction with NE (10 mM)
in both groups. Human resistance arteries of human adipose
tissue were also studied. Lovastatin increased the sensitivity
to NE (EDs, = 372+56 nM, V, and 99+33 nM, L, P < 0.001)
and significantly decreased the relaxation to acetylcholine
and SNP of human vessels. We conclude that mevalonate
availability directly contribute to resistance vessel function
and vascular signal transduction systems in both experimen-
tal animals and humans. The study calls for the identifica-
tion of non-sterol, mevalonate-derived vasoactive metabo-
lites, and suggests that disorders of the mevalonate pathway
can alter vascular tone and cause hypertension. (J. Clin.
Invest. 1995. 96:239-244.) Key words: lovastatin « HMG-
CoA reductase inhibitors - vascular tone ¢ cholesterol - iso-
prenoids. '
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Introduction

Cellular mevalonate production is tightly controlled by 3-hy-
droxy-3-methyl-glutaryl CoA (HMG-CoA)' reductase (1). An
early intermediate in the cholesterol pathway, mevalonate is
also the precursor of non-sterol products which are critical for
optimum cell function (2-6).

HMG-CoA reductase inhibitors, such as lovastatin, have
been widely used as pharmacological tools to characterize me-
valonate-dependent cell functions. These drugs are also used as
cholesterol-lowering drugs. The role of mevalonate availability
in vascular physiology has received very little attention: even
though numerous studies have explored the impact of choles-
terol on the vasculature, only a few have addressed the issue
of an active participation of mevalonate and non-sterol deriva-
tives in the maintenance of cardiovascular functions (7, 8). In
a recent publication (9), we provided evidence that mevalonate
availability was a novel regulatory mechanism contributing to
the control of vascular tone and systemic blood pressure. In
that study, in vitro exposure of rat conductance vessels (aorta)
to lovastatin increased the response to vasoconstrictors and de-
creased endothelium-dependent and independent relaxations.
These effects were independent of tissue changes in cholesterol
content and reversed by co-incubation with mevalonate, sug-
gesting that mevalonate derivatives other than cholesterol itself
were vasoactive. Experiments conducted in vivo further sup-
ported this hypothesis, with lovastatin and mevalonate respec-
tively increasing and decreasing systolic blood pressure in nor-
motensive as well as hypertensive rats. Those observations were
recently confirmed by Yamori et al. in a preliminary communi-
cation (10), using pravastatin, another HMG-CoA reductase
inhibitor.

Resistance arteries, including mesenteric artery resistance
vessel (MARYV), are critical determinants of systemic blood
pressure (11, 12). Therefore, the combined observation of im-
paired MARY reactivity and increased BP in animals receiving
lovastatin (9) led us to postulate that lovastatin inhibition of
the mevalonate pathway of resistance vessels increased vascular
resistance and elevated systemic blood pressure. That hypothe-
sis required experimental evidence of a direct effect of the
drug on resistance vessels. Therefore, our first objectives in the
present study was to describe the direct, in vitro effect of lovas-
tatin and mevalonate on rat resistance vessels.

In our earlier study (9), lovastatin appeared to act on several
pathways including NE-induced contraction and acetylcholine
and sodium nitroprusside (SNP)-induced relaxation. It is
known that stimulation of membrane receptors, such as the
adrenergic and muscarinic receptors, triggers the elevation of
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smooth muscle intracellular Ca®*. This, in turn, promotes con-
traction by catalyzing actin-myosin polymerization. Thus, we
speculated that lovastatin modulates vascular reactivity by mod-
ifying intravascular levels of Ca®*. The experimental demon-
stration of this point was our second objective.

Since our earlier experiments (9) were conducted with rat
vessels, the relevance of the concept of mevalonate availability
to other species including humans was questionable. This issue
is of importance not only because the ultimate goal of applied
medical research is the extension of the findings to humans, but
also because lovastatin and other HMG-CoA reductase inhibi-
tors are currently prescribed to millions of individuals to lower
plasma cholesterol. Therefore, our last objective was to charac-
terize the effect of lovastatin on human resistance vessels.

Methods

Reagents. NE, acetylcholine, SNP, serotonin, rat synthetic atrial natri-
uretic peptide (ANP), DL-mevalonic acid lactone (mevalonolactone),
transferrin and insulin were obtained from Sigma (St. Louis, MO).
Fura-2AM was purchased from Molecular Probes (Eugene, OR). Lo-
vastatin was a gift from Merck Sharp Dohme (Rahway, NJ).

Animal vessels. 12—14-wk-old male Wistar rats (Charles River
Breeding Laboratories, Inc., Boston, MA ) were used for all experiments.
MARYV (200-300 mm diameter) were isolated as previously described
(13). Four vascular segments (1.5-2 mm length) from the second
branch of the mesenteric artery were prepared from each animal (n = 9)
and studied after a 48-h incubation with either lovastatin (L, 5 pg/ml),
mevalonolactone (M, 10 mM), lovastatin + mevalonolactone (LM, 5
pg/ml and 10 mM, respectively), or DMSO as vehicle (V, 0.1% vol/
vol). Preliminary experiments with shorter incubation time (24 h) were
also conducted (three arterial segments per animal incubated with either
lovastatin, mevalonate or DMSQ, n = 9 animals). All incubations were
performed in DME/F-12 supplemented with antibiotics (penicillin and
streptomycin ), transferrin (5 mg/liter) and insulin (5 mg/liter) at 37°C
under a 5%-CO, atmosphere.

Human vessels. Four females and four males whose ages ranged
from 44 to 74 and averaged 60.5 yr were recruited in the Surgery
department of our institution. They were admitted for lung cancer (one
subject) or for peripheral vascular diseases with or without coronary
artery disease (2 and 5 subjects, respectively). Four patients were hyper-
tensive and three were diabetic. Plasma cholesterol levels ranged from
160 to 240 mg/dl. None of them was receiving HMG-CoA reductase
inhibitors at the time of the study. Small arteries were isolated from
biopsies of subcutaneous fat after informed consent from the patients.
The protocol was approved by the O.H.S.U. Institution Review Board.
After careful dissection, two arterial segments per biopsy were incubated
for 48 h in DME supplemented with antibiotics (37°C, 5%-CO, atmo-
sphere), one with lovastatin (5 mg/ml), the other with DMSO.

Measurement of vascular reactivity. Rat or human arteries were
mounted on a wire myograph capable of measuring isometric tension
and tested for reactivity to vasoconstrictors and vasodilators in the ab-
sence of extracellular drug (14—16). The reactivity to NE and serotonin
was first determined. Then, relaxation was examined after precontraction
with NE. Endothelium-dependent relaxation was tested with acetylcho-
line; endothelium-independent relaxation with SNP, a direct activator
of smooth muscle soluble guanylate cyclase, and with ANP (0.1 ug/
ml), an activator of the particulate guanylate cyclase. Responses are
reported as absolute force normalized to axial length of the vessel (active
tension in mN/mm) for contractions or as percent (% ) of pre-contraction
with NE for relaxations (100% equals no relaxation). When appropriate,
EDs, was calculated.

Determination of intravascular free calcium (,;Ca®*) concentra-
tion. These experiments (n = 8—13) were conducted in MARV exposed
to lovastatin (5 ug/ml) or vehicle for 48 h. Before being mounted in
the myograph, MARYV were loaded with 50 4M fura-2AM, a fluorescent
Ca?* indicator (17), in Hepes (10 mM)-buffered physiological saline,
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Figure 1. Response to NE of MARV (n = 9) incubated (24 h) with
lovastatin ( ¢ ), mevalonate (O), or vehicle (o). * Significant difference
(P = 0.05) from vehicle-treated vessels.

pH 7.4, for 4 h at room temperature (as modified from reference 18).
Then, basal and agonist (NE)-stimulated ;,;Ca* levels were measured
with simultaneous active tension recording of the vessels maintained at
37°C, using a dual wavelength spectrofluorometer (Spex Industries, Inc.,
Edison, NJ), a Nikon microscope and a 25X water-oil immersion Zeiss
lens. Maximum and minimum excitation ratios (340/380 nm) were
determined as described (17, 19). In order to detect changes in sensitiv-
ity as well as in maximum response, two concentrations of NE, low
(100 nM) and high (10 uM), were used.

Statistical analysis. Results were expressed as mean+SEM. Statisti-
cal significance was established using paired and unpaired Student’s ¢
test.

Results

24-h incubation of rat MARV with lovastatin had little effect
on vessel reactivity. There was an increased maximum response
to NE (5.27+0.19 mN/mm and 4.41+0.34 mN/mm, P < 0.04
for L and V, respectively), and a left-shift of the dose-response
curve (Fig. 1). However, the decrease of NE-EDs, did not reach
statistical significance: 116.3+19.2 nM (L) vs. 245.6+63.0 nM
(V), P = 0.09. Mevalonate had no effect on the response of
the vessels to NE (Fig. 1). The responses to serotonin, acetyl-
choline, SNP and ANP were identical in control, lovastatin and
mevalonate-treated arteries (data not shown).

48-h incubation with lovastatin significantly increased the
sensitivity of MARV to NE. EDs, (nM) were 182+60 and
33+8 for V and L, respectively (P < 0.03). No change in the
maximum response to the hormone was observed (Fig. 2). As
shown on the same figure, addition of mevalonate to the me-
dium, together with lovastatin, normalized the response to NE
(EDsp = 232+47 nM, P < 0.004 vs. L, P = NS vs. V),
while mevalonate alone decreased the sensitivity to NE (EDs,
= 232+47 nM, P = 0.06 vs. V). Similarly, the sensitivity
to serotonin was increased by lovastatin and normalized by
mevalonate addition (Fig. 3). EDs, (nM) were 138+21 (V),
61+7 (L, P < 0.003) and 18434 (LM, P < 0.005 vs. L, P
= NS vs. V). Mevalonate alone had no effect on the response
to serotonin (EDsy = 18625 nM, P = NS vs. V). A significant
impairment of the acetylcholine-induced relaxation was ob-
served in vessels incubated (48 h) with lovastatin as indicated
by a right-shift of the dose-response curve and a decreased
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Figure 2. Response to NE of MARV (n = 9) incubated (48 h) with
lovastatin ( ¢ ), mevalonate (O), lovastatin + mevalonate (), or vehi-
cle (o). * Significant difference (P = 0.05) from vehicle-treated ves-
sels.

maximum response (Fig. 4). Addition of mevalonate signifi-
cantly reversed the effect of lovastatin (same figure). Mevalo-
nate alone had no effect. Because the ANP-dependent relaxation
of the resistance vessels is slow to develop, the rate of relaxation
rather than the dose-response to ANP was determined for each
preparation (Fig. 5). Lovastatin significantly reduced the rate
of relaxation of the arteries by comparison with control vessels.
The effect of the drug was significantly attenuated by addition
of mevalonate. Mevalonate alone accelerated the ANP-induced
relaxation, though not significantly. SNP-induced relaxations
are presented in Fig. 6. Lovastatin significantly impaired the
response to SNP as indicated by a shift of the dose-response
curve to the right of the control curve, an effect almost totally
abolished by co-incubation with mevalonate. Mevalonate alone
had no effect on SNP-induced relaxation.

Basal ;,fCa”* concentration was significantly increased in
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Figure 3. Response to serotonin of MARYV (n = 9) incubated (48 h)

with lovastatin ( ¢ ), mevalonate (O), lovastatin + mevalonate (%), or
vehicle (o). * Significant difference (P = 0.05) from vehicle-treated
vessels and Csignificant difference (P =< 0.05) from lovastatin-treated
vessels.
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Figure 4. Response to acetylcholine of MARV (n = 9) incubated (48
h) with lovastatin ( ¢ ), mevalonate (O), lovastatin + mevalonate (),
or vehicle (o). * Significant difference (P = 0.05) from vehicle-treated
vessels and (’significant difference (P = 0.05) from lovastatin-treated
vessels.

vessels treated with lovastatin by comparison with controls:
52.7+4.6 nM vs. 29.7+2.4 nM (n = 12, P < 0.003) for L and
V, respectively. Stimulation of the vessels with NE increased
~fCa®* concentrations in a dose-dependent relationship (Fig.
7). +Ca?" levels following stimulation with low NE concentra-
tions (100 nM) were significantly higher in lovastatin-treated
arteries than in control vessels. In contrast, similar ;,sCa%* con-
centrations were achieved during maximum contraction (10
#M NE).

Exposure of human resistance arteries (27019 mm diame-
ter) to lovastatin induced vascular reactivity changes similar to
those observed in the rat vessels. The sensitivity but not the
maximum response to NE was increased (Fig. 8). EDs, (nM)
were 372+56 and 99 =33 for V and L, respectively, P
< 0.001). Both the acetylcholine and the SNP-induced relax-
ations of the human resistance vessels were significantly re-

100}

% of precontraction

20
0 2 4 6 8 10 12
Time (min.)

Figure 5. Response to ANP of MARYV (n = 9) incubated (48 h) with
lovastatin ( ¢ ), mevalonate (O), lovastatin + mevalonate (), or vehi-
cle (o). * Significant difference (P = 0.05) from vehicle-treated vessels
and (significant difference (P = 0.05) from lovastatin-treated ves-
sels.
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Figure 6. Response to SNP of MARV (n = 9) incubated (48 h) with
lovastatin ( ¢ ), mevalonate (0), lovastatin + mevalonate (%), or vehi-
cle (o). * Significant difference (P = 0.05) from vehicle-treated ves-
sels and Msignificant difference (P =< 0.05) with lovastatin-treated ves-
sels.

duced as compared to controls (Fig. 9 and 10). There was
no relationship between the effects of lovastatin and patient
characteristics (data not shown).

Discussion

The study demonstrates that mevalonate availability has a direct
impact on the functional properties of resistance arteries: meva-
lonate deficiency increases intracellular Ca*, enhances the re-
sponse to vasoconstrictors and impairs the response to vasodila-
tors, whereas addition of mevalonate to the vessels restores
pressor and depressor responsiveness. The study confirms in
resistance vessels our previous findings in conductance vessels
and provides evidence that mevalonate availability also regu-
lates the contractility of resistance arteries in humans.
Lovastatin was used as a means to limit mevalonate produc-
tion and cellular availability. The specificity of action of the
drug was established by the ability of exogenous mevalonate
to restore normal vascular functions. The concentrations of lo-
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Figure 7. Basal and NE-stimulated ;,Ca2* of MARY incubated (48 h)
from lovastatin or vehicle. * Significant difference (P = 0.05) from
vehicle-treated vessels.
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Figure 8. Response to NE of human resistance arteries (n = 8) incubated
(48 h) with lovastatin (¢ ) or vehicle (o). * Significant difference (P
= 0.05) from vehicle-treated vessels.

vastatin (5 pg/ml) and mevalonate (10 mM) have been widely
used for pharmacological exploration of the mevalonate path-
way (2, 20-23), although they are not necessarily therapeutic.
At these concentrations, lovastatin certainly reduces cellular
mevalonate availability, but does not likely affect vascular cho-
lesterol content. Such a situation has been observed in several
other reports including ours with rat aortic rings (9, 24, 25). It
is not surprising because vascular cholesterol synthesis unlike
hepatic or actively replicating cell synthesis is very low (26,
27). In addition, it is known that excess cholesterol in vascular
smooth muscle increases reactivity to vasoconstrictors (28):
therefore, if lovastatin had decreased vascular cholesterol con-
centration in our experiments, one would have expected to ob-
serve a decrease in reactivity to NE and not an increase (see
Figs. 1, 2, and 8). Altogether, these observations suggest that
lovastatin regulates the metabolic availability of non-sterol
product(s) of the mevalonate pathway rather than cholesterol
itself. The identity of these metabolites remains to be deter-
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Figure 9. Response to acetylcholine of human resistance arteries (n
= 8) incubated (48 h) with lovastatin ( ¢ ), or vehicle (e). * Significant
difference (P = 0.05) from vehicle-treated vessels.
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Figure 10. Response to SNP of human resistance arteries (n = 8)
incubated (48 h) with lovastatin (¢ ) or vehicle (o). * Significant
difference (P = 0.05) with vehicle-treated vessels.

mined. However, the recently discovered role of mevalonate-
derived isoprenoids in modulating the activity of GTP-binding
proteins (3-6) offers a promising perspective, as vascular reac-
tivity is in large part dependent on GTP-binding protein-medi-
ated signal transduction.

Lovastatin increased sensitivity to NE and serotonin. Lovas-
tatin effect on NE is similar to what we observed with aortic
rings incubated with the drug and with resistance arteries of
animals treated with it (9). The effect on serotonin-induced
contraction has not been reported before and suggests that signal
transduction steps common to both NE and serotonin are af-
fected. As discussed below, greater availability of ;,;Ca?* should
increase sensitivity to NE and serotonin. However, modifica-
tions of the affinity of the receptors for their ligands or alteration
of signal transduction pathways of the vascular smooth muscle
other than intracellular Ca®* could also play a role.

Endothelium-dependent and independent relaxations were
reduced by lovastatin in both human and rat resistance arteries.
A similar impact of lovastatin was observed previously by us
in vivo and in vitro (9). Our experiments cannot clearly separate
the effect of lovastatin on the endothelium from that on the
smooth muscle since the response to SNP was also impaired.
When considering the relaxation curves of vessels treated with
both lovastatin and mevalonate, full relaxation can be achieved
with maximum concentrations of SNP (Fig. 5) but not with
acetylcholine (Fig. 4), suggesting that lovastatin may affect the
endothelial cells and the smooth muscle cells of the resistance
vessels differentially.

The impact of lovastatin on contraction and relaxation could
be partly mediated by the high basal ;,;Ca?* levels as ;,;Ca*
is a determinant of smooth muscle contraction. As lovastatin
increases basal ;,;Ca?*, less NE and more acetylcholine or SNP
is needed to initiate contraction and relaxation respectively. This
hypothesis does not take in account the potential stimulating
effect of high ;,+Ca** on endothelial nitric oxide production,
a mechanism by which Ach-dependent relaxation should be
enhanced rather than impaired. Thus, additional factors may be
involved in lovastatin action. A recent study by Hrboticky et
al. (24) showed that lovastatin stimulated the synthesis of
TXB,, the stable degradation product of vasoconstrictor TXA,,
in human monocytic Mono Mac6 cells. If stimulation of throm-

boxane synthesis occurs in vessels exposed to lovastatin, the
liberated TXA, would likely (a) activate the phospholipase C-
inositol phosphate system of the smooth muscle and trigger the
elevation of basal ;,¢Ca?*, and (b) imbalance the release of
vasoconstrictors and vasodilators during Ach stimulation with
a net reduction in Ach responsiveness. A similar hypothesis has
been proposed to explain impairment of endothelium-dependent
relaxation in experimental models of hypertension (29, 30) and
in atherosclerotic vessels (31, 32). Direct measurement of NO
or prostaglandin production in lovastatin-treated vessels would
clarify those issues.

The effect of lovastatin on ;,sCa>* in the resistance vessels
is in apparent contrast with previous reports which addressed
the issue of HMG-CoA reductase inhibition and cellular Ca**
homeostasis (25, 33). The discrepancy between our findings
and those of others could be attributed to the tissue difference
(embryonic cells in culture vs. intact vessels) or could reflect
drug differences (simvastatin in reference 25, vs. lovastatin).
Nonetheless, we believe that our observation of increased
wCa®" in lovastatin vessels is more relevant to the in vivo
situation as it is associated with parallel functional changes in
intact vessels.

Incubation with mevalonate normalized the response to va-
soconstrictors and to vasodilators in lovastatin-treated vessels,
as previously observed in aortic rings (9). Mevalonate alone
had no significant impact on vascular reactivity except for a
marginal effect on NE-induced contraction (Fig. 6) observed
after 48 h of incubation. This is in contrast with what we ob-
served in vitro for large vessels (9), in which mevalonate alone
decreased NE-induced contraction and enhanced acetylcholine
and SNP-dependent relaxations, but in agreement with our in
vivo results showing no effect of oral mevalonate on resistance
vessels. Structural or functional differences may account for the
discrepancy between conductance and resistance vessel re-
sponses to mevalonate.

Our study is the first report of an effect of mevalonate
availability on human resistance vessels. Together with previous
reports, including ours, of impaired mevalonate metabolism in
spontaneously hypertensive rats (34—36), our data strongly
suggests that genetic or acquired disorders of the mevalonate
pathway may cause vascular dysfunction and possibly hyperten-
sion in humans. This possibility needs to be explored in future
appropriate experiments.

The effect of lovastatin on human arteries also raises the
possibility that therapeutic use of HMG-CoA reductase inhibi-
tors has an effect on the vasculature in humans. This possibility
has received little attention so far, despite the fact that more
than three million patients are currently receiving this therapy
in the United States. Investigators have recently provided pre-
liminary evidence of the cardiovascular effects of HMG-CoA
reductase inhibitors (37-39). However, no study has yet ex-
plored the effect of these drugs on resistance arteries ex vivo.
Large clinical trials testing the safety of these drugs did not
report any adverse impact of HMG-CoA reductase inhibitors
on systemic blood pressure (40—41). It is essential to note,
however, that none of these trials were designed to evaluate
properly that outcome: as much as 40% (40) and 55% (41) of
the study subjects were hypertensive and/or on antihypertensive
medication. Nonetheless, it is possible that the drug levels pro-
duced during lovastatin therapy are not high enough to induce
a significant change in vascular tone. It is also possible that the
reduction in low-density lipoprotein (LDL) and oxidized LDL
levels following lovastatin therapy are offsetting the action of
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the drug on intracellular Ca** since LDLs can raise intracellular
Ca?" (42, 43).

In conclusion, we have demonstrated that mevalonate avail-
ability regulates Ca®* homeostasis in small arteries and modu-
lates vascular tone. The existence in the arterial wall of non-sterol
mevalonate derivatives with vasoactive properties is postulated as
well as the possibility that metabolic disorders of the mevalonate
pathway contribute to the pathogenesis of cardiovascular dis-
eases, including essential hypertension. Finally, the study sug-
gests that clinical investigations are necessary in order to fully
characterize the vascular consequences of mevalonate deficiency
during therapeutic inhibition of HMG-CoA reductase.
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