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The question of whether the effects of insulin and gluThe rapidity withwhich insulin acted to increaseHMG-CoA
cagon on hepaticS-hydroxy-3-methylglutaryl-coenzymereductase activity suggested that thiseffect might be mediated
A (HMG-CoA)reductase activity are mediated largely
by by an alteration in degree
the
of phosphorylation of the enzyme.
changes in the phosphorylation state of the enzyme or Using rat hepatocytes and measuring HMG-CoA reductase acof enzyme protein was inves- tivity in microsomes isolated in medium containing sodium
by changes in the quantity
tigated by measuring enzyme protein and
mRNA levels. fluoride, Ingebritsen et al. (5) reported that insulin increased
If phosphorylatioddephosphorylationis responsible for the portion of enzyme present in the active, presumably dethe observed changes in HMG-CoA reductase activity, phosphorylated form. Glucagon addition to thehepatocytes opone would not expect to
see changes in immunoreactive posed the effect of insulin. Subsequently, it was reported that
of dia- significant diurnal changes in thefraction of hepatic HMG-CoA
protein ormRNA levels in response to induction
betes, administration of insulin,
or administration ofin- reductase present in the
“active” formoccurred when rat livers
sulin and glucagon. It was found that hepatic
HMG-CoA were cold-clamped and microsomes were isolated in fluoridereductase mRNA levels were decreased 12%
to of control containing medium (6). These observations served as the basis
in diabetic rate. Immunoreactive protein was reduced
to
for concluding
that insulin and glucagon modulate HMG-CoA
essentially undetectable levels. Administration of insu- reductase activity by altering the degree of phosphorylation of
lin restored both mRNA and immunoreactive protein
the enzyme (7-12).
levels. Glucagon blocked these effects. Enzyme activity
Microsomal HMG-CoA reductase activity was first reported
changes were fully accounted for by changes in HMG- to be inhibited by incubation with MgATP and a cytosolic fracCoA reductase mRNA andimmunoreactiveprotein.
tion over 20 years ago (13). Further investigations suggested
Fasting caused parallel falls in
HMG-CoA reductase ac- that HMG-CoA reductase kinase also underwent phosphorylativity and immunoreactive protein levels with a lesser tion. Thus, a complex bicyclic protein phosphorylation cascade
effect onmRNA levels. The insulin-mediated changes in was proposed for regulation of HMG-CoA reductase activity
HMG-CoA reductasegeneexpressioncorrelatedwell
(14). Continued investigations revealed that HMG-CoA reducwith changes in blood glucose levels, indicating
a phys- tase kinase was an AMP-activated protein kinase (15). Phosiological effect. Taken together, these results indicate
phorylation of the reductase was reported to result
decreased
in
that insulin and glucagon regulate
HMG-CoAreductase
enzymeactivity and increased susceptibility to degradation
gene expression largely at the level of enzyme protein
(16). The actual site
of phosphorylation was identified as serine
through changes inmRNA concentrations.
871 (17). Thus, it hasbeen concluded that the AMP-activated
protein kinase is the kinase of prime physiological importance
for the regulationof HMG-CoA reductase (18).
One of the earliest reported and most striking regulatory
There are, however, certain problems with the currently acresponses of hepatic HMG-CoA reductase’ is its diurnal varia- cepted view (7-12) that HMG-CoA reductase activity is acutely
tion observed in mice and rats (1,2). Enzyme activityis highest regulated by altering the degree of phosphorylation of the enduring the darkperiod when the animals are eating.Allowing zyme. It was recently shown that replacement of serine 871of
rats access to food only during a short period in the light
period hamster HMG-CoA reductase with alaninedid not prevent the
shifted peak HMG-CoA reductase activity accordingly (3).Ren- normal feedback regulation of reductase activity by mevaldering rats diabetic abolished the diurnal rhythm, resulting in onate, 25-hydroxycholesterol, or low density lipoprotein (19).
low enzyme activity throughout the 24-h period (4). Adminis- Since this mutant enzyme cannot be phosphorylated, the data
tration of insulin restored hepatic HMG-CoA reductase activity convincingly demonstrate that feedback suppression by these
to normal levels in -2 h (4). This suggested that release of agents does not involve alterations in the
phosphorylation state
insulin inresponse to a meal was primarily responsible for the of the enzyme in UT-2 cells. Recent immunoblotting studies
diurnal variation inHMG-CoA reductase activity.
demonstrated thatcholesterol feeding of rats markedlyreduced
hepatic HMG-CoA reductase protein (20). This observation is
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HMG-CoAreductase mRNAlevels were
dramatically decreased
ylglutaryl-coenzyme A reductase.

29168

This is an Open Access article under the CC BY license.

Insulin
and

Glucagon Alter HMG-CoA Reductase Protein Levels
Normal

Diabetic

FIG.1. Hepatic HMG-CoA reductase

18 hrs

mRNAlevels are rapidly decreased in
diabetic rats. Diabetic rats were killed

at the indicatedtimesafterreceiving
streptozotocin. Poly(A)+RNA was isolated
and probed for HMG-CoA reductase
(HMGR)and p-actin. The autoradiogram
was
scanned,
and
relative
levels
of HMGCoA reductase mRNAdetermined
were
and are presented at the bottom of each
lane.
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in diabetic rats and that administration of pharmacological
doses of insulin restored these levels within 2 h (22). We also
showed that immunoreactive HMG-CoA reductase protein levels changed in a similar fashion (22). These changes fully accounted for the observed changes in enzyme activity. Taken
together, these observations question the physiological significance of changes in phosphorylation state mediating shortterm effects on HMG-CoA reductase activity.
If insulin and glucagon act to alterHMG-CoA reductase activity largely via phosphorylationldephosphorylation of the enzyme, then one would expect to see little
effect on levels of mRNA
or immunoreactive proteinrelative toenzyme activity. Thus, we
have investigated the effects of diabetes and treatment with
insulin with and without glucagon on levels of HMG-CoA reductase mRNA, protein, and activity. We have examined, in particular, whether these effects are of physiological importance.
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line phosphatase-conjugatedsecond antibody following the manufacturer's protocol.
Enzyme Activity-HMG-CoA reductase activity was determined in
liver microsomes using the thin layer chromatography procedure for
isolation of product as described previously (24). Protein concentrations
were determined by a biuret method (24). Enzyme activities are
expressed in terms
of nanomoles/minute/milligramof microsomal protein.
RESULTS

Effects of Diabetes and Insulin neatment-The effects of
induction of diabetes and insulin treatmenton hepatic HMGCoA reductase mRNA, immunoreactive protein, and enzyme
As shown in Fig. 1,induction of
activity levels were determined.
diabetes rapidly lowered hepatic HMG-CoA reductase mRNA
levels. Within 18 h after administrationof streptozotocin, relative mRNA levels had fallen to 12% ofcontrols and remained at
this level. Administration of insulin increased relative HMGCoA reductase mRNA levels -&fold, restoring these tonormal
EXPERIMENTAL PROCEDURES
(Fig. 2). A dose of 0.3 unit of insulidanimal was sufficient.
Animals-Male Sprague-Dawley rats weighing 125-150 g were pur- Higher doses caused no greater effect. The magnitudeof these
chased from Harlan Industries (Madison,WI). They were housed in a changes in hepatic HMG-CoA reductase mRNA is similar to
reverse cycle light-controlled room with a 14-h dark period followed by
that previously reported for enzyme activity (4).
a 10-h lightperiod. The animals were
fed Purina rodent laboratory
chow
To determine whether the changes in HMG-CoA reductase
and waterad libitum. Rats were rendered diabetic with
a subcutaneous
injection of streptozotocin (65mg/kg) given during the light
cycle. Blood mRNA levels correlated with similar changes in immunoreacglucose levels were determined using aglucose oxidase procedure (23). tive protein levels, liver microsomes were subjected to immuThose rats with blood glucose levels in excess of 400 mg/dl were con- noblotting analysis. As shown in Fig. 3, HMG-CoA reductase
sidered diabetic. Rats were used within thefirst 2 days after adminis- protein levels were diminished
to the point of being barely
tration of streptozotocin. This avoids the secondary effects of muscle
rats. Administration of
detectable
in
livers
from
42-h
diabetic
wasting and weightloss seen 2 weeks after inductionof diabetes. Rats
to levels
were given insulin (Humulin R) subcutaneously in doses rangingfrom insulin restored immunoreactive reductase protein
0.1 to 5 unitdanimal 2 h prior to being killed. Some animals were alsocomparable to the controls. Again, the 0.3-unit dose was suffigiven glucagon subcutaneously at a dose of 150 pg/rat. All rats were cient. A good correlation between immunoreactive protein levkilled by decapitation at the 4th h of the dark period to control for els and enzyme activity was observed.
diurnal variation in HMG-CoA reductase activity.
Effects of Glucagon-Glucagon administration is known to
Materials-The sources of the cDNA probes were previously given
inhibit
the insulin-induced increase in HMG-CoA reductase
(24). Streptozotocin and the glucose oxidase reagents were purchased
(4). It was of interest to determine effect
its on levels of
activity
from Sigma. Humulin R andglucagon from Lilly were generous giftsof
the Diabetes Center, University of South Florida. [CY-~*P]~CTP (6000 immunoreactive protein. As shown in Fig. 4, glucagon adminCi/mmol) and ['4ClHMG-CoA (55.7 mCi/mmol) were purchased from istration markedly attenuated theincrease in immunoreactive
DuPont NEN. TRI Reagent was obtained
from MolecularResearch
protein levels caused by insulin. HMG-CoA reductase enzyme
Center, Inc. Polyclonal antiserum to homogeneous rat liver HMG-CoA activity was corresponding low and correlated with the level of
reductase (catalytic domain)(25) was generated in rabbits as described
immunoreactive protein. Northern blotting analysis revealed
previously (26). This antiserum recognizes a single protein band in
that glucagon treatment also eliminated the rise in HMG-CoA
microsomes with a molecular mass of -100 kDa and can completely
inhibit HMG-CoA reductase activity (26). Goat anti-rabbit IgG conju- reductase mRNA levels (data notshown). Theseresults, showgated with alkaline phosphatase and alkaline phosphatase
color devel- ing opposing effects of insulin and glucagon on HMG-CoA reopment reagents were purchasedfrom Bio-Rad.
ductase protein levels, are similar to the hormones' effect on
Northern Blotting-The isolation of hepatic poly(A)+RNA and North- phosphoenolpyruvate carboxykinase gene expression (28, 291,
ern blotting analysis were carried out as recently described (24). Sevwith the exception that in the present case, insulin causes
eral exposuresof each autoradiogram were made and scanned. Relative
levels of HMG-CoA reductase mRNA were determined using p-actin
a s increased protein levels.
Effects of Fasting-Fasting is known to lower insulin levels
an internal standard.
Immunoblotting-Rat liver microsomes essentially devoid of lyso- while raising glucagon levels, resulting in a decreased insulin/
somes were isolated as described previously (26). Microsomal protein glucagon ratio. It isalso known that fastingmarkedly reduces
(20 pgflane) was separated
on 7.5% polyacrylamide slab gels containing HMG-CoA reductase activity. Thus, it wasof interest to study
0.1% SDS and /3-mercaptoethanol (27). The separated proteins were
the effects of fasting on HMG-CoA reductase immunoreactive
electrophoreticallytransferredovernight to Immobilon membranes.
The membranes wereblocked with 5% Carnation nonfat dry
milk. They protein levels. As shown in Fig. 5B,HMG-CoA reductase imwere then incubated with a1:200 dilution of rabbit anti-ratHMG-CoA munoreactive protein was somewhat reduced after 1 day of
reductase serum. Immunoreactive protein was detected using an alka-fasting and then fell to undetectable levels after 2 days of
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FIG.2. Effect of insulin dose onhepatic HMG-CoAreductase mRNA levels in diabetic rats. Diabetic rats, 40 h
after receiving streptozotocin, were given
the indicated doses of insulin (units/rat)
of
and killed 2 h later. The relative levels
HMG-CoA reductase (HMGR) mRNA,
correctedforp-actin,weredetermined
and are presented at the bottom of each
lane.
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FIG.3. Effects of diabetes and insulin dose on
HMG-CoAreductaseimmunoreactiveproteinlevelsandenzymeactivity.
An
immunoblot of microsomal HMG-CoA reductase is shown. Diabetic
rats
were used42 h after receiving streptozotocin. Insulin
( I ) ,at the indicted
doses (unitdanimal), wasgiven 2 h prior to killing therats. Twenty pg
of microsomal protein was loaded onto each
lane of a n SDS gel. Corresponding HMG-CoA reductase enzyme activity isshown at the bottom
of each lane in nmoVmidmg.

fasting. This correlated very well with microsomal HMG-CoA
reductase activity. Hepatic HMG-CoA reductase mRNA levels
also fell during fasting, butnot to the same extentas protein
levels or activity (Fig. 5A). This is suggestive of a significant
degree of post-transcriptional regulation.
Correlation with Blood Glucose Levels-To evaluate whether
the observed effects of insulin administration to diabetic rats
on hepatic HMG-CoA reductase gene expression were physiological, the effects on blood glucose levels were compared with
those on enzyme activity. As shown in Fig. 6, a significant
increase in HMG-CoA reductase activity was seen with the
0.3-unit dose of insulin, which did not fully normalize blood
glucose levels. In general, HMG-CoA reductase activity increased as blood glucose levels fell. The only exception to this
correlation occurred with the 3-unit dose. This suggests that
physiological doses of insulin act to increase
HMG-CoA reductase gene expression.
DISCUSSION

The data presented show that induction of diabetes in rats
markedly reduces hepatic HMG-CoA reductase immunoreactive protein and mRNA levels, thereby largely accounting for
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FIG.
4. Correlation of HMG-CoA reductase immunoreactive
protein levels with enzyme activity in diabetic rats treated with
insulin or insulin and glucagon. An immunoblot of microsomal
HMG-CoA reductase is shown. Diabetic rats were given5 units of insulin with(+I+G)or without (+I)150 pg of glucagon 2 h prior tokilling.
Twenty pg of microsomal protein was applied to each of
lane
an SDS gel.
Corresponding HMG-CoA reductase enzyme activity is presented
at the
bottom of each lane in nmoVmin/mg.

the observed decrease in enzyme activity. Administration of
physiological doses of insulin, based on blood glucose-lowering
effects, restored levels of HMG-CoA reductase mRNA, protein,
and activity. Glucagon effectively opposed these increases
caused by insulin. If insulin andglucagon acted to alter hepatic
HMG-CoA reductase viaphosphorylatioddephosphorylationof
the enzyme, as is commonly thought (7-12), one would not have
expected to see substantial changes immunoreactive
in
protein
levels. Thus, it appears that
possible alterations in thedegree
of phosphorylation of HMG-CoA reductase play little role in
altering enzyme activity, while changes inenzyme protein levels largely account for the effects of insulin and glucagon.
Despite the widespread belief (7-12) that insulin andglucagon affect hepatic HMG-CoA reductase activity viaaltering the
phosphorylation state of the enzyme, considerableevidence has
been reported in the literature to the contrary (30-34). In a
recent review (341, it was stated that theAMP-activated protein kinase(HMG-CoAreductase kinase)does not appear to
be
involved in mediating the response to hormones. This statement was based, in part, on the lack of a diurnal variation in
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FIG.5. Effect of fasting on hepatic
HMG-CoAreductase mRNA, immunoreactive protein, and enzyme activity
levels. Rats were fastedfor 1or 2 days. In
A, hepatic poly(AY RNA was isolated and
probed for HMG-CoA reductase (HMGR)
mRNA. The relative levels ofHMG-CoA
reductase mRNAwere determined and
are
presented at thebottom of each lane. In
B,
aportion of a n immunoblot is shown.
Twenty pg of microsomal protein was applied to each lane of a n SDS gel. Corresponding HMG-CoA reductase enzymeactivity is shownat the bottom of each lane
in nmol/min/mg.
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FIG.6.Changes in blood glucose levels and hepatic HMG-CoA
reductase enzyme activity in diabetic rats as a function of insulin dose.

this kinase.Another concern about thephysiological relevance
of the AMP-activated protein kinase centers on whether AMP
levels change and how these relate to the amount needed for
half-maximal activation of the kinase. The concentration of
AMP required for the half-maximal effect was reported to be
14 p~ using 2 mM ATP (35). In cold-clamped liver, total AMP
concentrations range from 0.13 pmol/g in normalrats to 0.23 in
alloxan-diabetic rats (36). Thus, AMP levels would be near
saturating. Theconcentration of free AMP has been calculated
to be 0.65 PM (37). This is <1% of total AMP levels. If this
concentration ofAMP isphysiological as has been argued ( 3 3 ,
one would expect large changes in phosphorylation of HMGCoA reductase witha modest change in AMP and little change
in enzyme protein levels. Such a n expectation is inconsistent
with the results presented in this report. The recent
observation that substrates ofHMG-CoA reductase protect against
inactivation by this kinase (18) also raises questions concerning its physiological significance. In a recent detailed review
(38) of the multiple levels at which HMG-CoA reductase gene
expression is regulated, phosphorylation was listed as questionable. It was also stated that there was no evidence for
participation of the AMP-activated protein kinase in end
product feedback regulation (38).
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Early studies of the mechanism of the diurnal variation in
hepatic HMG-CoA reductase activity suggested that protein
synthesis was required.It was reported that protein synthesis
inhibitors abolished the diurnal variation (1, 2). It was also
reported that the diurnal rise inHMG-CoA reductase activity
was due to an
enhanced rate of enzyme synthesis (39,401. The
present findings, which demonstrate thatdiabetes, fasting,and
treatment with insulin andglucagon cause significant changes
in HMG-CoA reductase immunoreactive protein levels, explain
these earlierobservations. The rapidincrease in hepaticHMGCoA reductase mRNA levels due to insulin is suggestive of a
primary effect, possibly at the level of transcription. Consistent
with this view is our recent finding that administration of
cycloheximide did not affect this insulin-induced increase in
mRNA(22).
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