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Abstract--Oral dosing of rats with cyclohexanol and methylcyclohexanols resulted in the inhibition of 
hepatic HMGCoA reductase. Neither cyclohexane or cyclohexane diols exerted any effects. Inhibition 
was not due to alcohol dehydrogenase mediated changes in redox state since 3,3',5-trimethylcyclohexanol 
(TMC), a non substrate for alcohol dehydrogenase, was a potent inhibitor of HMGCoA reductase. 
Following a single dose of TMC there was no alteration in total hepatic HMGCoA reductase activity 
for more than 6 hr after which the enzyme activity was depressed in a dose-dependent manner. The 
normal diurnal rhythm of HMGCoA reductase was reduced in amplitude following TMC administration 
but the phase was unaltered and the t~ for activity decay following the peak of activity was unaffected. 
Prior to the inhibitory effect of a TMC dose becoming apparent in total HMGCoA reductase activity 
we found that the expressed activity of the enzyme (after isolation in F medium to suppress endogenous 
protein phosphatase) was depressed by 43%. The inhibitory effect of TMC on total HMGCoA reductase 
activity seen 8 hr or more after dosing was reflected by inhibition of sterol synthesis in liver measured 
in vivo after [3H]-H20 administration. 

The vasoactive compound  cyclandelate (Cyclo- 
spasmol, Gist Brocades  N.V. Delft ,  The Nether-  
lands) is the mandel ic  acid ester of 3,3',5-tri- 
methylcyclohexanol  (TMC).  Adminis t ra t ion of a 
single oral dose of the compound  to rats caused a 
50% inhibition of hepatic H M G C o A  reductase when 
measured 17 hr after dosing. A similar effect was 
seen with a single equimolar  dose of T M C  and 
appeared to be specific since other  parameters  of 
microsomal function, arylesterase activity and the 
amounts  of cytochromes b5 and P450 were unchanged 
[1]. Using the tri t iated water  technique for the 
measurement  of in vivo rates of lipogenesis it was 
shown that cyclandelate administrat ion caused a 
significant inhibition of both sterol and fatty acid 
synthesis [2]. These inhibitions were independent  of 
the 3.2-fold diurnal variat ion in the rates of hepatic 
sterol and fatty acid synthesis. These actions are 
similar to the effects of cyclic monote rpenes  on hep- 
atic lipogenesis [3, 4] and" may reflect structural simi- 
larities be tween the cyclic monote rpenes  and TMC. 
The present paper  describes a study of the s t ructure-  
activity relat ionship with respect to the inhibition of 
H M G C o A  reductase by simpler compounds  der ived 
from cyclohexanol and uses T M C  to gain further 
insight into the mechanism of this inhibition. 

M A T E R I A L S  A N D  M E T H O D S  

~H~O, [3-14C]HMGCoA, [4-14C]cholesterol and 
[1-14(~]oleic acid were purchased from Amersham 
International  Ltd. (Little Chalfont ,  Bucks.,  U.K. ) .  

* Author to whom all correspondence should be 
addressed. 

[5-3H]Mevalonic acid ( D B E D  salt) was purchased 
from New England Nuclear  (Boston,  MA) .  Glucose- 
6-phosphate,  glucose-6-phosphate dehydrogenase 
(EC 1.1.1.49) and N A D P  + were obtained from 
Boehringer  (Mannheim,  F .R .G . ) .  Aluminium- 
backed silica gel precoated  sheets for tlc were from 
Merck (Darmstadt ,  F .R .G . )  and Fisofluor scin- 
tillation cocktail was from Fisons Ltd. (Lough- 
borough, U.K. ) .  3 ,3 ' ,5-Trimethylcyclohexanol  and 
some of its metaboli tes  were kindly donated by Dr. 
W. E. van den Hoven,  Gist Brocades N.V. ,  Delft ,  
The Netherlands.  

Male Wistar rats (approximately 230 g) from the 
Joint  Animal  Breeding Unit ,  Not t ingham Universi ty 
School of Agricul ture,  Sutton Bonington,  Leics., 
U.K.  were subjected to normal  (lights on 08.00- 
20.00 hr) and reversed (lights on 15.00-03.00 hr or 
as described) lighting schedules and fed 41B pellet 
diet ad libitum. Animals  were allowed at least ten 
days to adapt to a changed lighting schedule before 
experimentat ion.  

Solutions of pure cvclohexanol derivatives from 
commercial  sources were prepared freshly in olive 
oil and administered in 0.5 ml at a dosage of 3 mmol  
per kg body weight. Animals  were dosed by stomach 
tube, controls receiving 0.5 ml olive oil alone. Times 
are quoted in relation to hours of darkness (D) or 
light (k). 

Hepat ic  microsomes were prepared from freshly 
excised livers as described previously [3] and resus- 
pended in 100 mM-phosphate  buffer (pH 7.5) con- 
taining 10 m M - E D T A  and 5 m M - D T T  to a final con- 
centrat ion of about 20 mg prote in /ml .  Total  and 
expressed H M G C o A  reductase activity was assayed 
as described in [5] except that animals were anaes- 
thetized with pentobarbi tol  (60 mg/kg  body wt.) 
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before removal of liver. In vivo rates of lipid syn- 
thesis were determined by measurement of 3H incor- 
poration into tissue lipids following injection with 
3H20 [4]. Approximately 17 hr after dosing rats with 
TMC in olive oil, 3H20 (15 mCi/rat) in 0.9% w/v 
saline (0.3 ml) was injected intraperitoneally. One 
hour later the rats were decapitated and tissues pro- 
cessed as described previously [4] for measurement 
of incorporation of radioactivity into sterol and fatty 
acid fractions. Acetyl CoA carboxylase [6] and alco- 
hol dehydrogenase activity [7] were assayed using 
methods described in the literature. 

RESULTS AND DISCUSSION 

Inhibition of hepatic HMGCoA reductase by in vivo 
administration of cyclohexanol derivatives 

The effect of cyclohexanol derivatives admin- 
istered in vivo on hepatic HMGCoA reductase 
activity measured 17 hr after dosing is shown in Table 
1. Of the derivatives tested only those containing a 
single hydroxy substituent were inhibitory. Cis and 
trans TMC, 1-methylcyclohexanol, 3-methyl 
cvclohexanol and cyclohexanol itself caused a 
significant inhibition (50-60%, P < 0.05) of total 
HMGCoA reductase activity. Neither cyclohexane 
nor tetrahydropyran were inhibitory. This is similar 
to results obtained on dosing mono- and bicyclic 
monoterpenes, compounds which bear some struc- 
tural similarity to the cyclohexanol derivatives [3]. 
These compounds inhibited HMGCoA reductase 
only if they contained a hydroxyl group or were 
metabolized rapidly to a hydroxy derivative. Thus 
menthol which is structurally similar to TMC 
inhibited hepatic total HMGCoA reductase activity 
by 70% when administered in vivo 17 hr prior to 
enzyme assay. Cyclopentanol inhibited the enzyme 
by 37% but this was not statistically significant sug- 
gesting a certain degree of ring size specificity for 
inhibition by compounds of this nature. It was of 
interest to test cyclohexane diols for inhibitory effect 
since it is known that cyclohexanol is rapidly con- 
verted to these compounds. However, the diols 
tested (Table 1) were inactive suggesting that the 
active agent is not this metabolite of cyclohexanol. 

The effect of cyclohexanol on HMGCoA reductase 
activity in starved rats 

Since cyclohexanol and the methyl cyclohexanols 
are substrates for alcohol dehydrogenase and might 
give rise to an increased N A D H / N A D  ratio in the 
liver on metabolism it is possible that the inhibition 
of HMGCoA reductase after dosing might be due to 
an altered redox state. An increase in NADH/NAD 
ratio in the liver can also be generated by starving 
animals for 24 hr, during which time liver glycogen 
is virtually depleted [4] as the animals rely on degra- 
dative pathways for energy. Hepatic HMGCoA 
reductase was reduced by 76% (P < 0.05) in starved 
rats compared with normal fed rats as observed 
earlier [8]. Dosing starved animals with cyclohexanol 
gave rise to a 64% (P < 0.05) inhibition of HMGCoA 
reductase compared with starved controls (Table 2) 
which compares well with the 58% inhibition seen 
in fed rats. Thus when the NADH/NAD ratio is 
increased by starvation, the effect of cyclohexanol 
on reductase activity is still found. These results 
imply that the inhibition seen is independent of the 
redox state and is also not mediated via an effect on 
those hormones (e.g. insulin, glucagon, gluco- 
corticoids) whose plasma concentrations are known 
to change during starvation. Further evidence against 
any involvement of redox state on HMGCoA 
reductase activity was obtained when we found that 
3,3,5-trimethylcyclohexanol (TMC) (which inhibits 
HMGCoA reductase as potently as cyclohexanol) 
was not a substrate for NAD +- or NADP*-linked 
alcohol dehydrogenases of liver cytosol under con- 
ditions where cyclohexanol was. 

The effect of increasing doses of TMC on the inhi- 
bition of hepatic HMGCoA reductase 

The inhibition of HMGCoA reductase increased 
as the administered dose of TMC increased and a 
maximum inhibition of 70% (P < 0.05) was observed 
at a dose of 3 mmol/kg body weight (Fig. 1). Doses 
greater than this had no further effect on enzyme 
activity. A similar dose dependent inhibition of the 
enzyme was observed with menthol [5] where maxi- 
mal inhibition was achieved at 1.5 mmol/mg body 

Table 2. The effect of cyclohexanol on hepatic HMGCoA reductase in starved 
and fed rats 

HMGCoA reductase 
Treatment activity (pmol/min/mg) % Inhibition 

Starved rats: 
Control (3) 55 -+ 15 
Cyclohexanol (3) 20 +- 5 63.6* 

Fed rats: 
Control (4) 228 _+ 94 
Cyclohexanol (4) 95 -+ 43 58.3* 

Rats were starved for 24 hr prior to death. Cyclohexanol (3 mmol/g of body 
weight) in 0.5 ml of olive oil was administered to rats at 16.30 hr as described 
in Materials and Methods. The rats were killed 17 hr later at 09.30 hr and hepatic 
total HMGCoA reductase was assayed in microsomes as described in the 
Materials and Methods. HMGCoA reductase activity is expressed as pmol 
mevalonate formed/rain/rag of microsomal protein -+ SD. * P < 0.05 with 
respect to controls (Students t-test). 
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Figl 1. Dose response curve for TMC. Solutions of TMC 
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sacrificed 17 hr later and total hepatic HMGCoA reductase 
was assayed (see Materials and Methods). Results are 
expressed as nmol mevalonate formed/min/mg microsomal 
protein -+ SD. The number of animals/group are shown in 

parentheses. 

weight. The failure to increase further  the inhibition 
with higher doses contrasts with inhibition seen after 
dosing with mevalonolac tone  [9] (97% 4 hr after 
dose),  25-hydroxycholesterol  [9] (78% after 1 hr) 
and cholesterol  [10] (88% 12 hr after inclusion of  1% 
cholesterol  in the diet).  

The effect of  TMC and some metabolitex on 
HMGCoA reductase in vitro 

It was possible that T M C  or one of its metabolites 
might be acting directly as inhibitors of H M G C o A  
reductase. The inclusion of TMC.  3' and 5' car- 
boxylic derivatives at final concentrat ions of (I. 1 or 
0.5 mM had no significant inhibitory effect in the 
direct assay of H M G C o A  reductase in hepatic micro- 
somes prepared from control  rats (data not shown). 
contrasting with the inhibition seen when the parent 
compound was given in viuo (Fig. 1). This obser- 
vation is similar to that shown by Clegg et al. [5[ for 
the monote rpene  menthol  and it rules out any dircct 
effect of T M C  or its metabol i tes  on t I M G ( o A  
reductase activity. 

Time course for the inhibition of  hepatic H M G ( ' o A  
reductase after dosing with TMC 

Rats which had been dosed with T M C  (3 retool/  
kg body weight) in olive oil were killed at various 
times up to 50 hr after dosing and livers were assayed 
for H M G C o A  reductase.  Control  animals recci~'ed 
olive oil alone. Hepat ic  total H M G C o A  reductase 
activity as a function of time after dosing is shown 
in Fig. 2. As has been noted by others [11-14] a 
diurnal variation in H M G C o A  reductase activity or 
approximately 10-fold was seen. Maximal acti\'itx 
occurred at about hour 4 of the dark period while 
minimum activity was about  hour 4 of the light 
period. H M G C o A  reductase activity rose and fell 
sharply in contrast to the recent data of Easom 
and Zammi t  [14] who found that enzyme activity 
increased rapidly at the onset of darkness reaching 
a maximum at hour  2 of darkness and remaining high 
for a further 6 hr before declining rapidly to basal 
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rats (3/group) were killed at time intervals during the following 50 hr. Total HMGCoA reductasc was 
assayed in the liver microsomes as described in Materials and Methods and is expressed as nmol 

mcvalonate formed/min/mg of microsomal protein -+ SD. 
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values. In the present  experiments  H M G C o A  
reductase activity decl ined to basal levels by hour 8 
of the dark period in both control  and T M C  treated 
animals. Inhibit ion of the enzyme by T M C  was not 
measurable  until 6-8 hr after dosing. The phase of 
the diurnal rhythm was unal tered,  only its ampli tude 
being decreased and this inhibition was maintained 
for at least 38 hr after dosing. The cause of  the delay 
in inhibition by T M C  after dosing is unexplained and 
contrasts with the rapid inhibitions (1 -2hr )  seen 
after oral dosing of mevalonolac tone  or cholesterol 
[15]. It is possible that it takes about  6 hr for T M C  
to reach some threshold concentra t ion in the liver or 
to be metabol ized to an inhibitory species or  initiate 

Cyclohexanol and methylcyclohexanols 3493 

some other  event  which gives rise indirectly to the 
observed inhibition. The  half life of H M G C o A  
reductase in both control and treated rats can be 
calculated from the data in Fig. 2 for the decline in 
enzyme activity with time. As seen in Fig. 3 dosing 
with T M C  did not alter the half life of the enzyme 
and the value of 3 hr for both control and treated 
animals agrees well with published data [13, 16]. This 
lack of change in degradat ion rate suggested that the 
inhibition observed might be due to decreased rate 
of synthesis of the enzyme.  To test this hypothesis 
rats were dosed with T M C  at the diurnal high of 
H M G C o A  reductase activity and enzyme activity 
measured 8 hr after dosing, i.e. after a period of time 
when enzyme synthesis was switched off [17, 18]. No 
inhibition of enzyme activity was seen at this time: 
control group and T M C  group activities (N = 4) were 
respectively 0.18 -+ 0.05 and 0.17 -+ 0.04 n m o l / m i n /  
mg (means -+ SD). This contrasts with the inhibition 
seen where dosing of T M C  preceded the diurnal rise 
in enzyme activity due to enzyme synthesis ([1] and 
Table 1). 

In vivo expressed activity of HMGCoA reductase 
after dosing with TMC 

H M G C o A  reductase can be regulated acutely in 
vivo by covalent  modification involving phosphoryl-  
ation and dephosphorylat ion [19]. Phosphorylat ion 
of the enzyme causing inhibition of activity is an 
early regulatory response after intragastric adminis- 
tration of cholesterol  and mevalonolac tone  
[9, 15, 20, 21] and it precedes the irreversible inhi- 
bition seen later after dosing with these two com- 
pounds suggesting an initial inhibition due to phos- 
phorylation followed by a decreased enzyme 
amount.  Since an apparent  change in enzyme amount  
was seen 8 hr after dosing with T M C  in the present 
experiments it was possible that an initial inhibition 
by phosphorylat ion might occur at earlier times after 
dosing. Hepat ic  microsomes were thus prepared in 
the presence and absence of sodium fluoride from 
dosed animals 4 hr after administrat ion at the diurnal 
high of activity and H M G C o A  reductase activity 
assayed (Table 3). In agreement  with the data in Fig. 
2 total H M G C o A  reductase activity was unchanged 
by T M C  t rea tment  after 4 hr. However ,  expressed 

Table 3. Total and expressed HMGCoA reductase activity 4 hr after TMC treatment 

HMGCoA reductase activity 
after isolation in medium 

- N a F  +NaF Activity + NaF 
(Total) (Expressed) Activity - NaF 

Treatment (nmol/min/mg) % 

Control (4) (I.366 -+ 0.032 0.189 -+ 0.054 54.8 -+ 16 
TMC (4) 0.374 -+ 0.101 0.107 -+ 0.103" 29.8 -+ 13- 

Rats were kept in light cupboards with the lights switched on between 03.00 and 
15.00 hr for 10 days prior to the experiment. They were dosed intragastrically with 
TMC (3 mmol/kg of body weight) in I).5 ml of olive oil or with olive oil alone at 
09.00 hr. The uppermost liver lobe was removed under anaesthesia 4 hr later and 
portions were immediately homogenized in ice cold isolation buffer + 50 mM NaF. 
Total and expressed HMGCoA reductase was assayed in the microsomes as described 
in the Materials and Methods. Activities are expressed as nmol mevalonate formed/ 
min/mg microsomal protein -+ SD. The number of animals/group is shown in par- 
enthesis. * P < 0.05 (Student's t-testl. + P < 0.05 (Mann Whitnev U test). 



3494 A. MICIAK, D. A. WHITE and B. MIDI)LETON 

Table 4. Rate of incorporation of H from [3H]H20 into 
digitonin precipitable sterol and fatty acids in TMC treated 

rats 

Digitonin precipitable 
sterol 

Treatment (!Lg atoms H/hr /g  tissue) Fatty acids 

Liver: 
Control (8) 6.39 -~ 2.7 36.6 -+ 4.8 
TMC (8) 3.38 -+ 2.6* 16.6 _+ 3.7# 

Serum: 
Control (4) 1.2 -+ 0.28 3.35 -+ 0.92 
TMC (4) 0.95 + 0.16 2.48 -+ 0.6 

Rats were dosed with TMC (3 mmol/kg of body weight) 
in olive oil at 16.30 hr, control rats received olive oil alone 
as described in Materials and Methods. They were injected 
with [3H]H20 (15 mCi/rat) intraperitoneally as described 
in Materials and Methods 1 hr prior to death 17 hr after 
dosing. Rates of incorporation of H into digitonin pre- 
cipitable sterol and fatty acids were determined for liver 
and serum as described in Materials and Methods. Results 
are expressed as/,g atoms H incorporated/hr/g of tissue or 
ug atoms H/hr /ml  of serum - SD. The number of animals 
are given in parentheses. * P < 0.01, ~ P < 0.001 (Students 
t-test). 

enzyme activity, i.e. activity in the p resence  of 
f luoride,  in the t r ea ted  an imals  was 57% (P < 0.05) 
of the expressed  cont ro l  values.  The  pe rcen tage  of 
total  activity expressed  in cont ro l  rats was 
54.8-+ 16% while in T M C  t rea ted  rats  it was 
29.8-+ 13% suggest ing tha t  like choles tero l  and  
meva lono lac tone  the  first stage of inh ib i t ion  of 
H M G C o A  reduc tase  by T M C  might  involve 
increased phospho ry l a t i on  of the  enzyme.  

Effect o f  T M C  on in vivo rates o f  sterol and fatty acid 
synthesis 

The rates  of in vivo synthesis  of s terol  and  fat ty 
acid were  m e a s u r e d  by the  ra te  of i nco rpo ra t ion  of 
3H f rom in t raper i tonea l ly  in jec ted  3H20 into digi- 
tonin  prec ip i tab le  s terol  (DPS)  and  tota l  saponif iable  
lipid. The  effect of T M C  on the  i nco rpo ra t ion  of H 
into hepa t ic  DPS and  saponif iable  lipid is shown in 
Table  4. The  ra te  of i nco rpo ra t ion  of 3H into DPS 
was inh ib i ted  by 47% (P < 0.01) 17 hr  af ter  dosing 
with T M C  agree ing  well with the  obse rved  inhib i t ion  
of hepat ic  H M G C o A  reductase  at this t ime (Table  
1) and suggest ing tha t  the  inhib i t ion  measu red  in 
vitro is respons ib le  for the  dec reased  ra te  of s terol  
synthesis  in vivo. Hepa t i c  fat ty acid synthesis  was 
also inh ib i ted  by 55% ( P < 0 . 0 0 1 )  1 7 h r  af ter  
admin i s t r a t ion  of T M C  a l though  the  activity of hep-  
atic acetyl C o A  carboxylase  in dosed  animals  was 
u n c h a n g e d  (B. Midd le ton ,  unpub l i shed  results).  The  
possible re la t ionship  be t w een  the inhib i t ions  of syn- 
thesis of bo th  s terol  and  fat ty acid is unexpla ined .  
Both  sterol  and  fat ty acid der ived molecules  are 
requi red  for assembly of very low densi ty  lipo- 
prote ins  which are then  expor t ed  to blood.  However ,  
evidence is divided as to w h e t h e r  the rates  of syn- 
thesis of sterol and  fat ty acid are funct ional ly  l inked 
in liver [22, 23] or are i n d e p e n d e n t  [24, 25]. There -  
fore it is no t  c lear  w h e t h e r  inhib i t ion  of hepa t ic  sterol  
~vnthesis would necessari ly  result  in decreased  fatty 
acid swlthesis,  f towever ,  the accumula t ion  of newly 

synthesized serum sterol  and  fatty acid was not  affec- 
ted by T M C  t r e a t m e n t  (Table  4) implying e i ther  tha t  
l ipoprote in  expor t  f rom liver was unaf fec ted  or that  
compensa to ry  changes  in up take  by per iphera l  tis- 
sues occurred.  

In conclusion we have shown tha t  s t ructural ly 
simple cyclohexane  der ivat ives  (cyclohexanol  and 
methyl  subs t i tu ted  cyclohexanols)  can cause specific 
inhibi t ion of hepat ic  H M G C o A  reductase .  This 
effect occurs only in vivo,  is dose and  t ime depen-  
dent ,  but  is not  re la ted  to food intake.  The  inhibi t ion 
of H M G C o A  reductase  in vivo appears  to be due to 
decreased  synthesis  of H M G C o A  reductase  in liver 
fol lowing an initial acute effect in the  degree  of 
phosphory la t ion  of the  enzyme.  
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