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REDUCTASE ON SERUM LIPOPROTEINS AND UBIQUINONE-10 LEVELS IN
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Abstract We studied the effects of ML-236B, a com-
petitive inhibitor of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, on serum levels of lipo-
proteins and ubiquinone-10 in seven heterozygous
patients with familial hypercholesterolemia. ML-236B
was given at doses of 30 to 60 mg per day for 24
weeks. Serum cholesterol decreased from 39049 to
3038 mg per deciliter (10.1+0.2 to 7.88+0.2 mmol
per liter, mean +S.E.M.; P<0.001), and serum triglyc-
eride decreased from 137+18 to 87+9 mg per deci-
liter (1.55+0.20 to 0.98+0.1 mmol per liter; P<0.05).
Intermediate-density-lipoprotein (IDL) cholesterol,
IDL triglyceride, low-density-lipoprotein (LDL) choles-

FAMILIAL hypercholesterolemia is a disease char-
acterized by elevated levels of low-density-lipo-
protein (LDL) cholesterol, tendon xanthomas, and
premature atherosclerosis.! Recently, Goldstein and
Brown demonstrated a complete or partial defect of
the LDL receptor on the cell membranes of cultured
skin fibroblasts from patients with familial hyper-
cholesterolemia.»® The inability to bind LDL is
associated with a consequent loss of feedback regu-
lation of the rate-limiting enzyme of cholesterol bio-
synthesis, 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase. This failure of autoregula-
tion of cholesterol synthesis and the decreased
receptor-mediated catabolism of LDL are thought to
produce hypercholesterolemia in this disease.!* Thus,
promoting receptor-mediated LDL catabolism and
suppressing cholesterol synthesis by inhibiting HMG-
CoA reductase are theoretical means of therapy for
familial hypercholesterolemia.’ The fungal metabo-
lite ML-236B (compactin), discovered by Endo et al.,
is a potent inhibitor of HMG-CoA reductase both in
vitro and in vivo.*®

Mevalonate, which is formed by HMG-CoA re-
ductase, is essential for several isoprenoid compounds

as well as for cholesterol (Fig. 1).> One of these non- -

sterol isoprenoid compounds is the polyisoprene side
chain of ubiquinone (coenzyme Q), which is believed
to be an important component of the electron-trans-
fer system for coupled oxidative phosphorylation in
the inner membranes of mitochondria.!® Thus, an in-
hibitor of HMG-CoA reductase may reduce both
sterol and nonsterol products of mevalonate. We
studied the effects of ML-236B on serum levels of lipo-
proteins and ubiquinone-10 in patients with familial
hypercholesterolemia.

From the Second Department of Internal Medicine, Kanazawa Universi-
ty School of Medicine, Takara-machi 13-1, Kanazawa, Ishikawa 920, Japan,
where reprint requests should be addressed to Dr. Mabuchi.

terol, and LDL triglyceride decreased significantly
(P<0.01, P<0.02, P<0.001, and P<0.001, respective-
ly). However, there were no significant changes in

. very-low-density-lipoprotein (VLDL) cholesterol and

triglyceride or high-density-lipoprotein (HDL) choles-
terol. Serum ubiquinone-10 levels did not change, and
LDL levels of ubiquinone-10-decreased by 50 per cent,
from 0.39:40.07 to 0.20+0.01 ug per milliliter (P <0.05).
No adverse effects were observed. We conclude that
ML-236B is effective in lowering serum cholesteroi
without lowering serum ubiquinone-10 in heterozy-
gous patients with familial -hypercholesterolemia. (N
Engl J Med. 1981; 305:478-82.)

METHODS

The clinical data on seven heterozygous patients are sum-
marized in Table 1. Patients 2, 3, and 4 are a brother and two sis-
ters, and Patient 1 is their mother. Six of the seven patients (all but
Patient 2) had both hypercholesterolemia and Achilles-tendon xan-
thomas. Achilles-tendon xanthomas were diagnosed by radio-
graphic measurement of the thickness of the tendon." None of the
patients had clinical or laboratory evidence of cardiovascular, renal,
hepatic, or endocrine disorders.
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Figure 1. The Branched Pathway of Mevalonate Metabolism
(Reproduced from Brown and Goldstein® with the Permis-
sion of the Publisher).
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No. Tenoon  ML-238  terol did not change significantly (Fig. 3, 'l'able 2).
Tuickness ¥ After the cessation of treatment, LDL cholesterol in-
¥R MG/DL MG/DL MM MG/DAY creased from 211%11 to 278+12 mg per deciliter
. 189 104 140 1 (5..49:i:0.29 to 7.23+0.31 mmol per liter; P<0.01)
o F 18 65 30 (Fig. 3, Table 2).

2 i 16 ’ Serum ubiquinone-10 levels did not change appre-
348 F 367 121 o0 30 ciably, falling from 0.894+0.13 to 0.824+0.14 ug per
4 B M 406 219 16.0 30 milliliter (mean #S.E.M. in 35 normal controls,
5 48 M 386 184 16.0 30 0.90+0.03 ug per milliliter). On the other hand, ubig-
6 43 F 434 139 17.0 60 uinone-10 levels in the LDL fraction decreased signif-
7 30 F m 79 120 60 icantly from 0.39+0.07 to 0.20%0.01 ug per milliliter

Mean 44 390 - 129 38 — a change of 50 per cent (P<0.05) (Table 3).

*To convert cholesterol and triglyceride values to millimoles per liter, multiply by
0.026 and 0.01129, respectively.

+Normal value in Japanese subjects, 6.3+£0.2 mm (mean +£S.E.M.).

ML-236B was given three times daily for 24 weeks in doses of 60
mg per day in Patients 6 and 7 and 30 mg per day in the other five
patients (Table 1). Treatment with other hypocholesterolemic
drugs was discontinued at least four weeks before this study began.
The patients were instructed not to change their dietary habits
throughout the study. :

Blood samples, obtained in the morning after a 12-hour over-
night fast, were allowed to clot at room temperature. Lipoprotein
fractions were separated by serial ultracentrifugation at different
densities, essentially by the method of Havel et al.,'? into very-low-
density lipoprotein (VLDL; density <1.006), intermediate-density
lipoprotein (IDL; density, 1.006 to 1.019), LDL (density, 1.019 to
1.063), and high-density lipoprotein (HDL; density >1.063). Cho-
lesterol and triglyceride levels were determined by the enzymatic
method!? and Fletcher’s method, respectively, in whole serum and
in lipoprotein fractions. Serum samples for the determination of
ubiquinone-10 levels were kept at —20°C and measured at a later
time. Serum and LDL levels of ubiquinone-10 were measured with
a high-speed liquid-chromatograph, JASCO FLC 350, equipped
with an ultraviolet detector (275 nm), JASCO UVIDEC 100-1I."
Statistical calculation was performed with Student’s paired t-test.

REsuLTs

All the patients had significant decreases in
serum cholesterol levels without subsequent increases
throughout the treatment period (Fig. 2). The mean
serum cholesterol level (£S.E.M.) decreased signif-
icantly from 390+9 to 303+8 mg per deciliter
(10.1£0.2 to 7.8840.2 mmol per liter) — a 22 per
cent reduction (P<0.001) (Table 2). The mean serum
triglyceride level also decreased from 13718 to 8749
mg per deciliter (1.55%0.20 to 0.98+0.1 mmol per
liter) after 24 weeks (P<0.05) (Table 2). Four weeks
after the cessation of treatment, serum cholesterol and
triglyceride returned to pretreatment levels (Fig. 2,
Table 2).

VLDL cholesterol and triglyceride decreased, but
not significantly (Table 2). IDL cholesterol, IDL tri-
glyceride, LDL cholesterol, and LDL triglyceride
decreased significantly (P<0.01, P<0.02, P<0.001,
and P<0.001, respectively) (Fig. 3, Table 2). LDL
cholesterol decreased by 29 per cent, from 29949 to
211+11 mg per deciliter (7.774+0.2 to 5.49+0.29

No changes in xanthomas were observed during
this treatment period. No side effects, such as gas-
trointestinal, hematologic, neurologic, or other bio-
chemical abnormalities, were observed in the pa-
tients (Table 4). However, serum uric acid decreased
significantly (P<0.05), and plasma creatine phos-
phokinase increased, although not significantly.

DiscussioN

For the treatment of heterozygous familial hyper-
cholesterolemia, cholestyramine,'*'® colestipol,'"
niacin (nicotinic acid),?® clofibrate,?® probucol,?’ and
other drugs have been reported to be effective in
lowering serum cholesterol levels. Among these drugs,
the most effective and least toxic are bile acid seques-
trants. However, bile acid sequestrants may produce
gastrointestinal side effects, such as nausea, dyspha-
gia, abdominal fullness, constipation, malabsorption
of fat-soluble vitamins, and steatorrhea; moreover,
these agents may cause increases in VLDL levels.?

According to the findings of Goldstein and Brown,
familial hypercholesterolemia is a disorder resulting
from decreased LDL catabolism by the receptor route
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Figure 2. Effects of ML-236B on Serum Cholesterol (Panel A)
and Triglyceride (Panel B) Levels in Heterozygous Patients
with Familial Hypercholesterolemia.

To convert cholesterol and triglyceride values to millimoies
per liter, multiply by 0.026 and 0.01129, respectively.
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Table 2. Serum and Lipoprotein Cholesterol and Triglyceride

Levels in Seven Heterozygous Patients with Familial Hyper-

cholesterolemia before and after Treatment with ML-236B for
© 24 Weeks and after Discontinuation of Treatment.

LeEver * BEFORE AFTER AFTER
TREATMENT TREATMENT  DiSCON-
TINUATION

PVaLue t

{A) (B) ©) Avs.B Bvs.C Avs.C
mg/dl
Cholesterol
Wholeserum  390+9 3038 399417 <0.001 <0.001 NS
VLDL 1844 1042 1946 NS NS NS
IDL 2044 8+1 1242 <0.01 NS NS
LDL . 29949 21111 278+12 <0.001 <001 NS
HDL 5545 5745 50+5 NS§ NS NS
Triglyceride
Wholeserum 137418 8719 137421 <005 <005 NS
VLDL 43+13 2448 25+11 NS NS NS
IDL 1643 8+l 10£2 <0.02 NS NS
LDL . 584 28+3 3344 <0.001 NS <0.01
HDL 18+1 14+1 25+6 <0.02 NS NS

*To convert cholesterol and triglyceride values to millimoles per liter, multiply by
0.026 and 0.01129, respectively. Figures are means +S.E.M. VLDL denotes very-low
density lipoprotein, IDL intermediate-density lipoprotein, LDL low-density lipoprotein,
and HDL high-density lipoprotein.

+Obtained with Student’s paired t-test. NS denotes not significant.

and from loss of feedback regulation of cholesterol
synthesis.? Thus, theoretical therapies should increase
LDL catabolism or suppress cholesterol synthesis.'+
Cholestyramine promotes LDL catabolism through
its specific physiologic clearance pathway.? No other
drugs have been known to promote LDL-receptor ac-

‘tivities in human beings. Oxygenated sterols, such as

7-ketosterol, 25-hydroxycholesterol, and others, have
been known to inhibit cholesterol synthesis.?
Recently, Endo et al. isolated a new HMG-CoA re-
ductase inhibitor (ML-236B) from the cultured broth
of the mold Penicillium citrinum.>® This drug inhibits
sterol synthesis from [“C]acetate in the cell-free sys-
tem and in cultured cells, and its mode of action in the
inhibition of the reductase is competitive with respect
to the substrate, giving an inhibitor constant (K ;) of
approximately 1 nM.?*:% The inhibition of sterol syn-
thesis caused by this drug is readily reversible. In vivo,
ML-236B is effective in lowering plasma cholesterol
levels in dogs,” monkeys,® hens, and rabbits, although
it is ineffective in rats, mice, and hamsters.?® Recent-
ly, Yamamoto et al. reported that this drug was effec-
tive in reducing plasma cholesterol levels in human
beings.?’ They treated 11 patients with primary
hypercholesterolemia (including heterozygous - and
homozygous patients with familial hypercholesterol-
emia) with doses of 50 to 150 mg of ML-236B per day;
they observed a 27 per cent reduction in serum cho-
lesterol levels, which corresponded to the 22 per cent
decrease in our study. However, they presented no
data on lipoprotein lipid levels in their patients.

August 27, 1981

Cholesterol is essential for cell growth and steroid-
hormone synthesis. Sterol synthesis in various tis-
sues, including the liver, kidney, lung, spleen, ileum,
testis, adrenal gland, prostate, skin, muscle, and
aorta, is suppressed by ML-236B. However, no severe
adverse effects, such as hematologic, neurologic, en-
docrinologic, gastrointestinal, or hepatic abnormali-
ties, have been reported.” Yamamoto et al. have
reported that a homozygous patient receiving 500 mg
per day had elevations in serum creatine phosphoki-
nase, aspartate aminotransferase, and alanine amino-
transferase, and that these side effects disappeared
within two weeks after withdrawal of the drug.?
Several hypolipidemic drugs have been shown to re-
duce?® or increase? serum uric acid levels. ML-236B
produced a slight but significant depression in serum
uric acid, but the mechanism and the clinical impor-
tance of the decrement are unknown.

Fatty acid synthesis from [**C]acetate in human fi-
broblasts was found not to be affected by ML-236B at
concentrations up to 5 ug per milliliter.*® However,
serum triglyceride levels in the heterozygotes de-
creased significantly in this study. This decrement in
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Figure 3. Effects of ML-236B on Intermediate-Density-Lipo-

protein (IDL), Low-Density-Lipoprotein (LDL), and High-Den-

sity-Lipoprotein (HDL) Cholesterol Levels in Heterozygous
Patients with Familial Hypercholesterolemia.

Data are means £S.E.M. To convert cholesterol and trigiyc-

eride values to millimoles per liter, muitiply by 0.026 and

0.01129, respectively. Asterisks (*) and dagger (}) denote

P values, obtained with Student's paired t-test: before

treatment versus after treatment, * P<0.05, ** P<0.02,

x P<0.01, and **** P<0.001; after treatment versus after
cessation of treatment, 1 P<0.01.
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1de and cholesterol trom V LUL coincided with the di-
urnal rhythm of hepatic HMG-CoA reductase activi-
ty.3! Although it has been suggested that LDL is
secreted directly into plasma in patients with familial
hypercholesterolemia,® virtually all LDL is derived
from the metabolism of VLDL and its remnant,
IDL.3* Thus, decreased VLDL production after sup-
pression of cholesterol synthesis will decrease the IDL
and LDL concentrations.

In dogs’ and monkeys,® both beta (LDL) and pre-
beta (VLDL) lipoproteins are decreased by ML-
236B, and in human beings,”’ both VLDL and
LDL cholesterol are decreased without concomitant
changes in HDL cholesterol. In our study, the hetero-
zygous patients had significant decreases in IDL cho-
lesterol. This result suggests that ML-236B may be ef-
fective in lowering serum cholesterol levels in Type III
hyperlipoproteinemia, in which IDL cholesterol is
increased.! In heterozygotes with familial hyperlipo-
proteinemia, IDL and LDL cholesterols and triglyc-
erides decreased without changes in the HDL-choles-
terol level. Although the origin and metabolic fate of
HDL cholesterol are not clearly known,3 this drug
does not affect the level of HDL cholesterol. Since IDL
and LDL cholesterols are atherogenic and HDL cho-
lesterol is thought to be antiatherogenic,* ML-236B is
a reasonable hypocholesterolemic drug for the pre-
vention of premature atherosclerosis.

In studies of the mechanism of the hypocholester-
olemic actions of ML-236B and mevinolin,* which is
a structural analogue of ML-236B, Kovanen et al.
demonstrated that mevinolin lowered LDL cholester-
ol in the dog by a dual mechanism: suppression of
LDL synthesis and stimulation of the receptor-medi-
ated catabolism of LDL in the liver.’” In cultured por-
cine hepatocytes, an increase in receptor-mediated

Table 3. Serum and Low-Density-Lipoprotein (LDL) Ubiqui-
none-10 Levels in Seven Heterozygous Patients with Familial
Hypercholesterolemia before and after Treatment with
ML-236B for 24 Weeks.

PATIENT Serum UBiQUINONE-10 LDL UsiQuiNoNg-10
No.
BEFORE AFTER BEFORE AFTER
TREATMENT TREATMENT TREATMENT TREATMENT
ug/ml ug/ml
! 0.61 — 0.23 0.23
2 0.83 1.02 0.36 0.22
3 0.49 0.84 0.32 0.22
4 1.17 1.15 0.67 0.19
5 0.94 — 0.51 0.19
6 1.31 0.80 —_ 0.14
7 — 0.31 0.23 0.20
Mean 0.89+0.13 . 0.82+0.14 0.394+0.07 0.2040.01
+S.EM.
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VARIABLE * BEFORE AFTER
TREATMENT TREATMENT

Body weight (kg) 57.2+5.8 57.3+5.9
Blood pressure

Systolic (mm Hg) 12916 11846

Diastolic (mm Hg) 78+4 7244
Red cells (X10~4/mm?) 464+18 47419
Hemoglobin (g/dl) 13.6%0.6 13.74£0.4
Hematocrit (%) 41+2 411
White cells (X10-2/mm?) HEX 80+8
Serum protein (g/dl) 7.4%0.1 7.6£0.2
Albumin/globulin ratio 1.630.1 1.6+0.1
Serum aspartate aminotransferase (IU/liter) 2243 24+3
Serum alanine aminotransferase (IU/liter) 1946 1948
Serum lactic dehydrogenase (IU/liter) 314422 303+2t
Serum creatine phosphokinase (IU /liter) 6448 87+21
Alkaline phosphatase (IU//liter) 204441 189+24
Uric acid (mg/dl) t 5.5+0.5 4.610.4
Urea nitrogen (mg/dl) 1421 1311
Creatinine (mg/dl) 0.78+0.05 0.76+0.05
Fasting blood glucose (mg/dl) 8514 80+5
Sodium (mmol/liter) 14442 14341
Potassium (mmol/liter) 4.1+0.2 4.3+0.2
Chloride (mmol/liter) 107+£2 106+1

*To convert values for uric acid, urea nitrogen, and fasting blood glucose to millimoles
per liter, multiply by 0.06, 0.357, and 0.0555, respectively. To convert creatinine values to
micromoles per liter, multiply by 88.4.

tP of difference <0.05 by Student’s paired t-test. All other differences were not sig-
nificant.

degradation of LDL was also demonstrated after 18
hours of incubation with ML-236B,*® whereas in
cultured human fibroblasts, ML-236B had no effects
on the receptor-mediated uptake and degradation of
[131)LDL.26.%

Recently, new insights into the branched pathway
of mevalonate metabolism have been elucidated in
mammalian cells.® In fibroblasts and smooth-muscle
cells, radiolabeled mevalonate is converted into four
end products that are essential for cell growth: cho-
lesterol, dolichol, ubiquinone, and isopentenyl trans-
fer RNA (Fig. 1). The length of the side chain of
ubiquinone in these cells reaches 10 isoprene units
(ubiquinone-10). Cholesterol and ubiquinone are thus
synthesized through a common biosynthetic pathway
involving mevalonate.*® It is reasonable to assume that
anything that would interfere with the supply of me-
valonate would greatly affect the rate and extent of
ubiquinone biosynthesis. Faust et al.* and Nambu-
diri et al.** have shown that the level of HMG-CoA re-
ductase activity has a role in determining the rate of
ubiquinone synthesis in cultured human fibroblasts.
ML-236B is a potent inhibitor of HMG-CoA reduc-
tase and has a cholesterol-lowering effect in vitro and
in vivo. However, in our study there was no decre-
ment in.the serum levels of ubiquinone-10, although



482

the LDL compartment of ubiquinone-10 decreased
significantly. When HMG-CoA reductase is partially
suppressed by ML-236B as well as LDL, cells must
have some way of diverting the small amounts of syn-
thesized mevalonate preferentially into the crucial
nonsterol products (e.g., ubiquinone).” Thus, in the
heterozygous patients in whom cholesterol synthesis
was partially inhibited by ML-236B, serum ubiqui-
none-10 levels remained within the normal ranges.
Ubiquinone-10 is a lipid-soluble substance that is
mainly carried by lipoproteins. Therefore, it seems
that the reduction in LDL as a carrier of ubiquinone-
10 was followed by the reduction in LDL levels of
ubiquinone-10. '

Thus, when one uses drugs that decrease serum
cholesterol by inhibiting HMG-CoA reductase, atten-
tion must be paid to the nonsterol isoprenoid prod-
ucts of mevalonate. However, ML-236B is effective in
the treatment of heterozygous familial hypercholes-
terolemia without changing the serum levels of ubiqg-
uinone-10.

We are indebted to the Sankyo Company, Tokyo, for providing
the ML-236B used in this study; to the Eisai Company, Tokyo, for
measuring ubiquinone-10; and to Dr. Robert H. Knopp for his crit-
ical review.
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