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Abstract

Epidermal cholesterol biosynthesis is regulated by barrier
function. We quantitated the amount and activation state
(phosphorylation-dephosphorylation) of the rate-limiting en-
zyme, 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA)
reductase, in epidermis before and after barrier disruption. In
murine epidermis we found high enzyme activity (1.75±0.02
nmol/min per mg protein). After acute barrier disruption, en-
zyme activity began to increase after 1.5 h, reaching a maxi-
mumincrease by 2.5 h, and returned to normal by 15 h.
Chronic barrier disruption increased total enzyme activity by
83%. In normal epidermis, measurement of HMGCoA reduc-
tase activity in microsomes isolated in NaF- vs. NaCl-contain-
ing buffers demonstrated that 46±2% of the enzyme was in the
active form. After acute or chronic barrier disruption, a marked
increase in the percentage of HMGCoAreductase in the active
form was observed. Acute disruption increased enzyme activa-
tion state as early as 15 min, reaching a maximum after 2.5 h,
with an increase still present at 15 h, indicating that changes in
activation state had a close temporal relationship with barrier
function. Increases in total HMGCoA reductase activity oc-
curred only after profound barrier disruption, whereas changes
in activation state occur with lesser degrees of barrier disrup-
tion. Artificial correction of barrier function prevented the in-
crease in total HMGCoA reductase activity; ,and partially
prevented the increase -in enzyme activation. These results
show that barrier requirements regulate epidermal cholesterol
synthesis by modulating both the HMGCoA reductase
amount and activation state. (J. Clin. Invest. 1990. 85:874-
882.) cholesterol - 3-hydroxy-3-methylglutaryl coenzyme A
reductase - permeability barrier * transcutaneous water loss

Introduction

The skin is an active site of cholesterol biosynthesis in both
rodents (1-3) and primates (4), accounting for up to 30% of
total body sterol synthesis (2). Of this synthetic activity about
70-80% is localized to the dermis layer in rodents (5), presum-
ably coming from the pilosebaceous epithelium which remains
embedded in the dermis during epidermal-dermal separation
(5). The remaining 20-30% of cutaneous synthetic activity
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derives from the epidermis (5), which, on a weight basis, can be
considered among the most active tissue sites of cholesterol
synthesis. Within the epidermis, cholesterol synthesis occurs in
both the basal (proliferating) and suprabasal (differentiating)
cell layers (5, 6).

Cutaneous cholesterol synthesis is influenced neither by
dietary cholesterol nor by circulating cholesterol levels (2, 7).
Furthermore, de novo sterol synthesis, both by confluent cul-
tured keratinocytes and by follicular epithelium, is not in-
fluenced by exogenous cholesterol, presumably owing to their
paucity of low density lipoprotein (LDL) receptors (8-1 1). Al-
though systemic factors do not appear to influence epidermal
sterol synthesis, local perturbation of the cutaneous permeabil-
ity barrier by organic solvents or detergents markedly stimu-
lates epidermal cholesterol synthesis, which returns to normal
in parallel with normalization of barrier function (12, 13).
Furthermore, essential fatty acid-deficient (EFAD)' mice,
who exhibit a dietarily induced perturbation in barrier func-
tion, also demonstrate increased epidermal sterol synthesis
(13, 14).

In both the solvent-induced and EFAD models, the in-
crease in cholesterol synthesis is localized specifically to the
epidermis, with no alterations in dermal cholesterol synthesis
(12-14). When the defect in barrier function is corrected by
application of a water-impermeable membrane, the increase in
epidermal cholesterol synthesis is not observed (12-14). In
contrast, when a water vapor-permeable membrane is applied,
the increase in epidermal cholesterol synthesis is still observed
(1 5). These studies indicate that barrier function regulates epi-
dermal cholesterol synthesis, and further suggests that water
flux itself may serve as the signal.

The enzyme, 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase (HMG CoA reductase), catalyses the conversion of
HMGCoA to mevalonic acid. In mammalian systems this
step is rate-limiting for cholesterol biosynthesis (16). HMG
CoA reductase activity is dependent both on the total quantity
of enzyme present and on its activation state. It is now well
recognized that HMGCoA reductase can be modulated by a
covalent, reversible, phosphorylation-dephosphorylation pro-
cess with the phosphorylated and dephosphorylated forms of
the enzyme in an inactive and active state, respectively
(17-20). When the tissue is homogenized in the presence of
sodium fluoride (NaF), an inhibitor of dephosphorylation,
assays of HMGCoA reductase activity are indicative of the
actual activity of the enzyme in situ (18). In contrast, when
tissues are homogenized in sodium chloride (NaCI), the en-

1. Abbreviations used in this paper: EFAD, essential fatty acid-defi-
cient (model); HMGCoA, 3-hydroxy-3-methylglutaryl coenzyme A
(reductase); TEWL, transepidermal water loss.
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zyme is dephosphorylated (activated), and activity then repre-
sents an index of the total quantity of enzyme present (18).

Here we determined whether perturbations in barrier
function, measured as transepidermal water loss (TEWL), with
either topical acetone, sodium dodecyl sulfate (SDS), tape
stripping, or an EFAD diet influence the total quantity or
activation state of HMGCoA reductase. These studies show
that both total enzyme amount and activation state increase in
epidermal homogenates after barrier disruption. Moreover,
the increase in both enzyme content and activation state paral-
lels the initial perturbation in barrier function, returning to
normal as the barrier recovers. Finally, artificial correction of
barrier function with a vapor-impermeable membrane blunts
the expected increase in both enzyme content and activation
state (2 1).

Methods

Materials
Radioisotopes. ['4C]HMG CoA (54.2 mCi/mmol), [3H]mevalonic acid
(300 Ci/mmol), [14C]acetate (57.5 ,Ci/mmol), and [3H]mevalonolac-
tone (38.8 Ci/mmol) were purchased from New England Nuclear
(Boston, MA).

Chemicals and solvents. SDS and anion exchange silica gel (AG
1-X8, formate form, 200-400 mesh) were purchased from Bio-Rad
Laboratories (Richmond, CA). EDTA, glucose-6-phosphate, glucose-
6-phosphate dehydrogenase (400 U/mg protein), NADP, and dithio-
treitol (DTT) were purchased from Sigma Chemical Co. (St. Louis,
MO). Acetone and petroleum ether were purchased from Fisher Scien-
tific Co. (Fair Lawn, NJ).

Animals. Male hairless mice between I and 3 mo of age (Hr/Hr)
were purchased from Jackson Laboratories (Bar Harbor, ME). They
were fed standard mouse diet (Simonsen Animal Vendors, Gilroy,
CA) and water ad lib. Mice were maintained on an EFADdiet (22) for
7-8 wk until TEWLlevels were over 100 parts per million (ppm)/0.5
cm2 per h. Control animals also were fed the EFADdiet, supplemented
with corn oil (- 50% linoleic acid) 4 d before study, ad lib.

Experimental design
Disruption of the permeability barrier was achieved by unilateral
treatment of one flank of each animal with either absolute acetone or
10% SDS in distilled water as described in previous publications (12,
13, 15). The contralateral (control) side was treated with 0.9% sodium
chloride. Additionally, the permeability barrier was disrupted by re-
peated applications of cellophane tape (four to six times). TEWLrates
were measured with an electrolytic water analyzer (Meeco Inc., War-
rington, PA) as described previously (12-14), and recorded in parts per
million/0.5 cm2 per h).

To assess directly the effect of occlusion, which instantly lowers
TEWLrates to zero, groups of acetone-treated, SDS-treated, or tape-
stripped animals were covered with a tightly fitted, water-impermeable
membrane (one finger of a latex glove) immediately after treatment
(12-15), until just before the animals were killed. In other experiments
both flanks of the mice were treated with acetone or SDS, with one side
covered while the other side was left uncovered by cutting a window
through the Latex wrap.

['4C]Acetate and [3H]Mevalonolactone incorporation
into cholesterol
Five mice were treated with acetone on one flank and with saline on
the contralateral flank. After 2.25 h, the mice were killed, the skin was
excised, both acetone and saline treated sides were divided into two
parts, and then the undersurface was scraped to remove subcutaneous
fat. Each skin sample was separately incubated for 2 h at 37°C in a
2-ml solution of 10 ,M EDTAin Dulbecco's phosphate-buffered sa-
line (Dulbecco's PBS), calcium (Ca2-+ and magnesium (Mg2-+free

(0.16 MNaCi, 0.01 MNa2HPO4, 0.03 MKC1, 0.01 MNa2HPO4, 0.01
KH2PO4, pH 7.4) containing 20 ,uCi [14C]acetate and 5 MCi [3H]meva-
lonolactone. The reaction was stopped by immersing the skin in an
ice-cooled PBS solution. After drying with paper towels the epidermis
was scraped off in one sheet and saponified, extracted, and fraction-
ated, and the incorporation into cholesterol was determined as de-
scribed previously (2, 3). Results were expressed as picomoles per hour
per milligram of epidermis. To be certain that disruption of the barrier
did not effect the entry of labeled acetate and/or mevalonate into the
epidermis tissue samples were incubated at 4VC and the amount of
labeled acetate and mevalonate in the epidermis was determined after
homogenization. The quantities of acetate and mevalonate in the epi-
dermis were similar in saline- and acetone-treated epidermis (acetate:
saline 1.53±0.28 vs. acetone 1.54±0.09 nmol NS; mevalonate: saline
0.443±0.094 vs. acetone 0.385±.022 pmol, NS). Thus, disruption of
the permeability barrier does not alter the entry of either acetate
or mevalonate into the epidermis during organ culture incubation
studies.

Tissue preparation for enzyme assay
The mice were killed by cervical dislocation, and the skin was excised,
divided into treated and control sides, and immediately placed epider-
mal-side downward onto a covered Petri dish containing crushed ice.
The undersurface of the skin pieces was scraped with a sharp scalpel
blade to remove excess subcutaneous fat. To ensure equivalent sample
sizes, the skin was excised around a half dollar coin, corresponding to
the treated area, after first stretching the skin pieces on the Petri dish.
Epidermis was separated from dermis initially by four different
methods: first, by immersion in 10 mMEDTAin Dulbecco's PBS, at
370C for 40 min; secondly, by immersion in 20 mMDTT in Ca2+-
Mg2+-free-PBS (40C for 12 h, or 370C for I h); thirdly by immersion in
0.15% trypsin in Dulbecco's modified Eagle's medium (40C for 1.5 h);
and fourthly by heating to 550C for 30 s after using a drop of water for
good thermal contact. After treatment, the epidermis was peeled off
the dermis in one piece by gently scraping with a scalpel blade, dried on
paper towels, minced in small pieces (< 1 mm3) with scissors, and
stored in small plastic tubes overnight at -700C. Since the highest
levels of total HMGCoA reductase activity were obtained with EDTA
separation (Fig. 1), this technique was employed in most subsequent
experiments. However, for measurement of the activation state of
HMGCoA reductase, the heat separation method was used.

Microsomal isolation and enzyme assay
Four volumes of homogenization buffer (0.3 Msucrose, 10 mMmer-
captoethanol, 10 mMEDTA, sodium salt, pH 7.4) were added to the
minced tissue at 40C. For measurement of the activation state of the
HMGCoA reductase, either 50 mMsodium chloride or 50 mMso-
dium fluoride was added. Each tissue was subjected to two separate
bursts of a tissue homogenizer (Polytron KinemPCU 2, atica GmbH,
Lucerne, Switzerland) for 20 s at 80% intensity. A 20-s pause between
the bursts was employed to permit cooling of the tissue. Homogeniza-
tion was continued with a Fisher Sonic Dismembranator (model 300,
Artec Systems Corp., Farmingdale, NY) at 35% intensity, two times for
5 s with a pause of 20 s. The homogenate was filtered through surgical
gauze soaked in the homogenization buffer, and then centrifuged in a
microfuge (TM 11, Beckman Instruments, Inc., Fullerton, CA) at 800
g for 15 min. The pellet was washed with 1 vol of homogenization
buffer and recentrifuged at 800 g for 15 min. The pooled supernatants
were then centrifuged in the microfuge at 10,000 g for 15 min. The
10,000-g supernatant was then centrifuged at 100,000 g for 60 min. in
an LB-70 Multracentrifuge using a 50.3 TI-rotor (Beckman Instru-
ments, Inc.). The supernatant was removed and the microsomal pellet
was stored overnight at -700C. HMGCoA reductase activity was
determined as described previously by this laboratory (23). HMGCoA
reductase activity was expressed as nanomoles of mevalonate synthe-
sized per milligram of protein per minute. Protein was determined
with a Bio-Rad Laboratories protein assay dye reagent (24).
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Statistical analysis
Statistical significance was determined using a two-tailed Student's
i-test. When samples were compared from the same animal, signifi-
cance was determined using a paired t-test.

Results

['4C]Acetate and [3H]mevalonolactone incorporation into cho-
lesterol. To determine if the conversion of HMGCoA to me-
valonate is the regulatory step in cholesterol biosynthesis in the
epidermis, we treated mice with acetone on one side to disturb
the barrier (TEWL930±40 ppm/0.5 cm2 per h). Saline applied
to the contralateral side (TEWL 20±5) served as the control.
After 2.25 h skin samples from both sides were incubated for 2
h at 370C in a solution containing ['4C]acetate and [3H]meva-
lonolactone. Whereas acetone treatment resulted in a 68% in-
crease in ['4C]acetate incorporation into cholesterol in com-
parison to the saline-treated side, the incorporation of [3H]-
mevalonolactone into cholesterol was unchanged (Table I).
These results indicate that the stimulation of cholesterol syn-
thesis, induced by perturbations in barrier function, occurs
before mevalonate formation, most probably catalyzed by the
enzyme HMGCoA reductase.

Assessment of different separatory techniques on total
HMGCoA reductase activity. Epidermal HMGCoAreductase
activity was compared after separation of the epidermis from
the dermis by five different, commonly employed techniques.
As can be seen in Fig. 1, enzyme activity was lowest with the

Table I. ['4C]Acetate and [3H]Mevalonolactone Incorporation
into Cholesterol after Acetone Treatment

["4CJAcetate [3HJMevalonolactone

pmol/h per mgepidermis

Acetone (n= 10) 5.55±0.80 0.00138±0.00014
Control (n = 10) 3.31±0.38 0.00139±0.00013

Significance P < 0.025 NS

Mice were treated with acetone on one flank and with saline on the
contralateral flank. After 2.25 h the skin of both sides was incubated
in a solution containing [14Clacetate and [3H]mevalonolactone for 2
h at 370C.

Figure 1. Epidermal HMG
CoA reductase activity after
epidermal-dermal separation
by different techniques. Epi-
dermis was separated from
dermis using five different
methods and homogenized,
and HMGCoA reductase ac-
tivity assayed as described in

EDTA Methods. n = 3-12; data are
(37C, 40mln) mean±SEM.

trypsin technique, about three to four times higher with DTT
or heat, and highest after separation with EDTA(about eight
times higher than with trypsin). Because these results demon-
strated that the EDTAmethod yields optimum enzyme activ-
ity, in most subsequent studies we employed the EDTAtech-
nique for epidermal-dermal separation.

Effect of acetone or SDS treatment on epidermal HMG
CoA reductase activity. At different periods after acetone, SDS,
or saline treatment, the TEWLand the HMGCoA reductase
activity were determined on both the acetone- and SDS- vs.
saline-treated, contralateral side. Acetone-treatment produced
a > 50-fold increase in TEWL(acetone = 812±76 vs. control
= 12±5 ppm/0.5 cm2 per h) (Fig. 2, upper panel), which de-
creased over time such that by seven hours TEWLrates on the
acetone-treated side were 135±62 ppm/0.5 cm2 per h. HMG
CoA reductase activity was 43% higher on the acetone side
than on the control side (P < 0.01) 2.5 h after acetone treat-
ment. By 4.5 h the increase in activity was 34%over control (P
< 0.01), and by 7 h enzyme activity returned to normal. Like-
wise, SDStreatment produced a > 50-fold increase in TEWL
with barrier function slowly recovering so that by 15 h the
TEWLwas 230±37 ppm/0.5 cm2 per h (Fig. 2, lower panel).
HMGCoA reductase activity was slightly increased (8%) on
the SDSside after 1.5 h (SDS 1.10±0.05 vs. saline 1.02+0.04,
P < 0.01), and was maximally increased 48% (SDS 1.75±0.20
vs. saline 1.18±0.18, P < 0.01) after 2.5 h. However, in con-
trast to acetone, HMGCoA reductase activity was still in-
creased over controls by 28% 7 h after treatment (P < 0.01),
only returning to normal by 15 h. These results demonstrate
that barrier disruption with either acetone or SDS stimulates
HMGCoA reductase activity in the epidermis, and that the
return of enzyme activity to normal parallels the recovery of
barrier function.

Effect of occlusion on epidermal HMGCoA reductase activ-
ity after acetone or SDS treatment. When mice, previously
treated with acetone on one side and saline on the other side,
were covered with a tightly fitting, water-impermeable latex
wrap to artificially restore barrier function, the expected in-
crease in epidermal HMGCoA reductase activity did not
occur (Fig. 3). Moreover, in other experiments both flanks
were treated with acetone, followed by application of a water-
impermeable wrap to one side, while the other side remained
uncovered. HMGCoA reductase activity was 31% higher on
the uncovered than on the covered side (P < 0.01, data not
shown). As in the acetone experiments, after SDS treatment,
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Figure 3. Effect of occlusion on HMGCoA reductase activity. Mice
were treated with acetone or SDS(TEWL 800-1,000) and immedi-
ately occluded with a tightly fitting latex wrap. Control mice were
treated with saline and left exposed to air. After 2.5 h the skin was
excised, epidermis was separated from dermis with EDTA, and
HMGCoA total activity was measured as described in Methods.
Tape stripped animals were studied 4.5 h after treatment. EFAD
mice were occluded for 3 d. Control mice for the EFADexperiment
were refed a linoleic acid containing diet. Data are mean±SEM(n
= 4-6).
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the other side remained uncovered, HMGCoA reductase ac-
tivity was 33% higher on the uncovered side than on the cov-
ered side (P < 0.01, data not shown). These results demon-
strate that occlusion, which artificially restores barrier func-
tion, prevents the increase in HMGCoA reductase activity
that follows barrier disruption with either acetone or SDS.

Effect of tape-stripping on epidermal HMGCoA reductase
activity. As another model of acute barrier disruption we ex-
amined the effect of tape stripping on epidermal HMGCoA
reductase activity. Tape stripping resulted in a marked disrup-
tion in the barrier (TEWL: 1.5 h 820±105 ppm/0.5 cm2 per h,
2.5 h 590±98, 4.5 h 493+85, 6.0 h 303±10). In conjunction
with this disruption there was a 60% increase in HMGCoA
reductase activity (Fig. 3). Additionally, application of a
water-impermeable membrane prevented the increase in
HMGCoA reductase activity. These results provide further
support for a linkage between barrier function and HMGCoA
reductase activity.

Effect of EFAD on HMGCoA reductase activity. TEWL
and HMGCoA reductase activity were measured in both
EFADand control animals, which had been replenished with
linoleic acid for 4 d. In EFADmice TEWLrates were approxi-
mately fourfold higher and the HMGCoA reductase activity
was increased 83% over control animals (Fig. 3). WhenEFAD
mice were occluded with an impermeable wrap on one side for
72 h, HMGCoA reductase activity decreased by 34% in com-
parison to the nonoccluded EFADside. The enzyme activity
of occluded EFAD-mice was comparable to control animals.
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Occlusion of normal animals for 3 d produced only a 13%
decrease in HMGCoA reductase activity in comparison to
control animals (control animals 1.00+0.05, occluded animals
0.88±0.10 nmol/min per mgprotein, n = 3, NS). These results
indicate that chronic barrier disruption induced by an EFAD
diet also stimulates HMGCoA reductase activity, and that
artificial restoration of the barrier decreases the elevated HMG
CoA reductase activity in EFADmice.

Activation state of epidermal HMGCoA reductase activity.
With either the trypsin, DTT, or EDTAmethods for the sepa-
ration of epidermis from dermis, we did not observe any dif-
ferences in the activity of HMGCoA reductase in microsomes
isolated in a NaCl vs. NaF homogenization buffer. This ab-
sence of difference between NaCl and NaF microsomes may
be due to the long in vitro incubation with these solutions
required to separate the epidermis from the dermis before the
addition of NaCl or NaF which may have allowed for alter-
ations in phosphorylation-dephosphorylation state to occur.
In contrast, after rapid heat separation (30 s), we observed a
ratio of HMGCoA reductase activity in microsomes isolated
in NaF vs. microsomes isolated in NaCl of 0.46+0.02, indicat-
ing that 46±2% of HMGCoA reductase is in the active de-
phosphorylated state. After topical treatment with 0.9% so
dium chloride (2.5 h), there was no significant difference in the
proportion of HMGCoA reductase in the active state in com-
parison to virgin control epidermis (saline treated [n = 3]
NaF/NaCl 48±2% vs. virgin control [n = 3] 46±2%). Wenext
examined whether isolation of microsomes in NaCl buffer re-
sulted in a maximal activation (dephosphorylation) of epider-
mal HMGCoA reductase. After homogenization in NaCl or
NaF buffer, we incubated epidermal microsomes with liver
cytosol which contains phosphatase activity (23, 25). This
produced a 56% increase in HMGCoA reductase activity in
NaF microsomes, but no increase in microsomes isolated in
NaCl (Table II). This indicates that during the routine isola-
tion of epidermal microsomes in NaCl buffer, maximal acti-
vation (dephosphorylation) of HMGCoA reductase occurs, an

Table II. Effect of Hepatic Cytosolic Phosphatase on Epidermal
HMGCoA Reductase Activity

HMGCoA reductase activity

Incubation mixture NaF microsomes NaCI microsomes

nmol/min per mgprotein

Buffer alone (n = 3) 0.41±0.02 0.84±0.02
Buffer + liver cytosol 0.70±0.04 0.87±0.06

(n= 3)

Significance P < 0.01 NS
(two-tailed Student's
t test)

Mouse epidermis was homogenized in a buffer containing either 50
mMNaF or 50 mMNaCl and the microsomes were isolated.
100-200 ,ug of washed microsomes was then incubated for 30 min at
37°C in 200 Ml of a mixture of 20 MAMimidazol, 5 mMDTT, pH 7.4,
with or without 5.0% liver cytosol containing phosphatase prepared
as described previously (23). After incubation, the microsomes were
reisolated by centrifugation and HMGCoA reductase activity was
determined as described in Methods. Data are mean±SEM.

observation similar to that observed by this and other labora-
tories to occur in liver microsomes (18, 25).

Effect of acetone treatment, SDStreatment, and tape strip-
ping on the activation state of HMGCoA reductase. Wenext
measured the ratio of HMGCoA reductase activity in micro-
somes isolated in NaF vs. NaCl homogenization buffer at dif-
ferent time points following acetone treatment. As early as 15
min after acetone treatment (the earliest time point tested), the
ratio of HMGCoA reductase activity in NaF vs. NaCl micro-
somes was 61±4% (an increase of 32% in comparison to the
ratio in untreated epidermis) (Fig. 4, Table III). Further in-
creases in the ratio of HMGCoAreductase activity in NaF- vs.
NaCl-isolated microsomes occurred by 45 min and by 1.5 h,
reaching a maximum of 90±3% at 2.5 h (96% increase). There-
after, the proportion of HMGCoA reductase in the active
form began to decrease so that by 4.5 and 7.0 h it was 70%and
64%, respectively. The enzyme activation state remained ele-
vated 15 h posttreatment. These results demonstrate that ace-
tone treatment results in a marked increase in the proportion
of enzyme in the active, dephosphorylated state. Moreover, the
proportion of enzyme in the active form paralleled the recov-
ery of barrier function. Additionally, it should be noted that
using the heat separation method the total activity of HMG
CoA reductase increases by - 50% (Table III), which is similar
to the observations noted above using EDTAseparation.

The correlation between transepidermal water loss, total
microsomal HMGCoA reductase activity (isolated in NaCl)
and the proportion of activated microsomal enzyme (NaF/
NaCl) at 2.5 h after acetone treatment is shown in Fig. 5.
Increases in activation state occurred after moderate barrier
disruption (TEWL > 300), and correlated with the degree of
barrier disruption (r = 0.96; n = 8, P < 0.01). In contrast,
changes in total HMGCoA reductase enzyme activity only
occurred after more profound changes in barrier function
(TEWL> 550). The extent of the increase in total activity also
correlated with the degree of barrier disruption (r = 0.95; n
= 8; P < 0.01). These results demonstrate that the activation
state of HMGCoA reductase is sensitive to moderate barrier
disruption, whereas increases in enzyme amount occur only
after more profound changes in barrier function. Both the
increase in the percentage of enzyme in the active state and the
increase in total enzyme amount correlated directly with the
degree of barrier disruption.

At 2.5 h after treatment with a 10% SDS solution HMG
CoA reductase activity in NaF vs NaCl microsomes was 93±6,
which is 102% higher than on the control side (Fig. 6). In
separate experiments we examined the effect of tape stripping
on the activation state of HMGCoA reductase. At 4.5 h after
tape stripping, we observed a 38% increase in the activation
state (activation state: control, 58±3%; tape-stripped, 80±2% P
< 0.001; n = 4 in each group). These results are similar to those
observed after acetone disruption of the permeability barrier,
and further demonstrate the relationship of barrier perturba-
tion and increases in activation state of HMGCoA reductase.

Effect of occlusion on the activation state of epidermal
HMGCoA reductase. When acetone-treated mice were cov-
ered with a tightly fitting, water-impermeable latex wrap to
restore barrier function artificially, only a relatively small in-
crease occurred in the proportion of HMGCoA reductase in
the active state (Fig. 6). Likewise, when SDS-treated animals
were covered similarly, only a relatively small increase in the
activation state of HMGCoA reductase occurred in compari-
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Figure 4. TEWLand activation (dephosphorylation) state of HMGCoA reductase after barrier disruption with acetone vs. control. Mice were
treated with acetone on one flank and with saline on the contralateral flank. At different time poiits after treatment, TEWLwas determined
and the skin was excised. Epidermis was separated from dermis by heat and one part was homogenized in a NaF and the other part was ho-
mogenized in a NaCi-containing buffer. HMGCoA reductase activity was determined as described in Methods. Data are mean±SEM. Error
bars that are not seen indicate that the SE fell within the data point (n = 3-8).

son to controls (Fig. 6). Similarly in tape-stripped animals oc-
clusion also markedly attenuated the increase in activation
state (control 58±3%, tape-stripped 80±2%, tape-stripped
+ occlusion 68±3%). These small increases in activation state
are comparable in magnitude to those observed in nonoc-
cluded animals after 15 min, presumably because it takes
about 10 minutes to place the tightly-fitting Latex wrap. These
results demonstrate that occlusion reduces the expected in-
crease in HMGCoA reductase activation state that occurs in
mice after either acetone or SDStreatment.

Effect of EFADon the activation state of HMGCoA reduc-
tase. The activation state of HMGCoA reductase also was
determined in EFAD vs. control mice. As shown in Fig. 6, a
large percentage of HMGCoA reductase was present in the
activated form in EFADmice (1 15% increase in comparison
to untreated controls). WhenEFADmice were covered with a
tightly fitting latex wrap for 3 d while still being maintained on
the deficient diet, HMGCoA reductase activation state de-
creased in comparison to uncovered EFAD mice (covered
78±4% vs. uncovered 99±6%), but did not return completely
to normal levels (Fig. 6). These results demonstrate, first, that
the EFADstate results in activation of HMGCoA reductase
and, secondly that artificial restoration of barrier function by
occlusion reduces, but does not completely normalize the in-
crease in HMGCoA reductase activation state in EFADmice.

Discussion

Although lipids account for a relatively small percentage of
total stratum corneum weight, they provide the permeability
barrier that is required for terrestrial life (26, 27). The ability of
the stratum corneum to regulate barrier function can be attrib-
uted both to the intercellular location and organization of
these lipids into broad, lamellar bilayers (26, 27). Whereas
most prior studies of the permeability barrier have focused on
descriptions of the structure or lipid content of the epidermis,
we recently have employed a dynamic approach that exam-

ined lipid biosynthesis in response to experimental perturba-
tions of permeability barrier function (12-15). These studies
have shown that the epidermis is a highly active site of choles-
terol biosynthesis (5, 6), and is regulated by perturbation in
cutaneous permeability barrier function (12-15). Moreover,
the extent of the increase in epidermal cholesterol synthesis
correlates directly with the degree of barrier perturbation ( 12).
Finally, artificial restoration of the disturbed barrier with a
water-impermeable membrane prevents: (a) the increase in
epidermal cholesterol synthesis; (b) lipid reaccumulation; and
(c) barrier recovery (12-15).

In the present study we measured the incorporation of both
['4C]acetate (starting point of cholesterol biosynthesis) and
[3H]mevalonolactone (post-HMG CoA reductase step) into
cholesterol. After acetone disruption of the barrier there was a
67% increase in ['4C]acetate but no change in [3H]mevalono-
lactonate incorporation into cholesterol. This demonstrates
that the initial increase in cholesterol synthesis induced by
barrier disruption occurs before the formation of mevalonate.
To determine whether the increase in cholesterol synthesis
after barrier disruption is due to an effect on HMGCoA re-
ductase activity, we next measured enzyme activity.

Barrier disruption'with either the organic solvent, acetone;
the detergent, SDS; or by tape stripping was associated with an
increase in the total activity of epidermal HMGCoAreductase
activity (with a 1.5-h time delay). Pertinently, the level of in-
crease in total epidermal HMGCoA reductase activity corre-
lated directly with the extent of disturbance in barrier func-
tion. Moreover, as barrier function returned towards normal,
the levels of total enzyme activity also declined towards nor-
mal. After SDS treatment, both barrier recovery and total
HMGCoA reductase activity declined more slowly than after
acetone treatment (Fig. 2). This difference may be due to the
fact that acetone mainly extracts lipids and quickly evaporates
from the skin surface, whereas SDShas a more general effect
on epidermal proteins, as well as lipids (28). Since the time
course of HMGCoA reductase activity after barrier disruption
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Table III. Time Course of Activation (Dephosphorylation) State
of HMGCoA Reductase after Acetone Treatment

HMGCoA reductase activity Portion
of enzyme Increase:

NaF NaCl in active treated/
Time TEWL microsomes microsomes state controls*

ppm/O.S
cm2 per h nmol/min per mgprotein %

5 min
(n = 12) 960±35 ND ND ND

15 min
(n = 3) 940±60 0.31±0.02 0.52±0.02 61±4* 32

45 min
(n = 4) 793±104 0.50±0.01 0.72±0.03 70±2$ 52

1.5 h
(n = 8) 652±58 0.72±0.02 0.85±0.03 85±3* 84

2.5 h
(n = 4) 213±19 0.70±0.02 0.78±0.02 90±3* 96

4.5 h
(n = 3) 180±40 0.54±0.03 0.77±0.03 70±3$ 52

7.0 h
(n = 3) 171±35 0.44±0.03 0.69±0.01 64±3* 39

15.0 h
(n = 3) 153±23 0.34±0.01 0.56±0.01 60±1$ 30

Mice were treated with acetone on one flank and with saline on the
contralateral flank. At different time points after treatment, TEWL
was determined and the skin was excised. Epidermis was separated
from dermis by heat, and one part was homogenized in a NaF and
the other part was homogenized in a NaCl-containing buffer. HMG
CoA reductase activity was determined as described in Methods.
* Control data derive from 12 animals with an activation state of
46±2%.
* Significant difference from controls: P < 0.01. ND, not determined.

is similar to the kinetics of cholesterol synthesis under similar
conditions (12, 13), and only ["4C]acetate but not [3H]meva-
lonolactone incorporation is increased, this strongly suggests
that an increase in HMGCoA reductase activity may be the
initial step that leads to accelerated cholesterol synthesis and
ultimately to restoration of barrier function (15). The link of
HMGCoA activity to barrier function is strengthened further
by the occlusion experiments: when barrier function is artifi-
cially restored by application of a vapor-impermeable wrap, no
increase in epidermal HMGCoA reductase activity occurs
after either acetone treatment, SDS treatment, or tape strip-
ping.

The essential fatty acid model is more complex than the
acetone/SDS models, because epidermal hyperplasia accom-
panies the barrier abnormality (14, 29). We found that the
total activity of epidermal HMGCoA reductase is markedly
increased in EFADanimals. Hence, the occlusion experiments
are particularly pertinent here: artificial restoration of barrier
function in EFADmice with a water-impermeable wrapping
led to a significant, but incomplete reduction in epidermal
HMGCoA reductase activity, presumably because occlusion
only partially reverses the hyperproliferation (Proksch, E.,
P. M. Elias, and K. R. Feingold, manuscript in preparation).
DNAsynthesis and cell division requires increases in HMG
CoA reductase activity to provide both cholesterol and iso-
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Figure 5. Correlation between TEWLand increases in HMGCoA
reductase. Mice were treated with acetone to induce various degrees
of barrier disruption as measured by TEWL. After 2.5 h the skin was
excised, the epidermis was separated from dermis by heat treatment,
and microsomes were isolated in either NaCl or NaF buffer. The ac-
tivity of HMGCoA reductase in microsomes isolated in the NaCl is
indicative of the total enzyme content. The ratio of HMGCoA re-
ductase activity in microsomes isolated NaF vs. NaCl is indicative of
the activation state. The correlation coefficient for total activity r
= 0.95; n = 8; P< 0.01, activation state r = 0.96, n = 8; P< 0.01.

prenoid compounds (30, 31). Thus, the results in all four
models provide strong evidence that the total activity of HMG
CoA reductase is linked to the state of the cutaneous perme-
ability barrier.

HMGCoA reductase activity is modulated by reversible
phosphorylation, with the phosphorylated and dephosphory-
lated forms- of the enzyme being inactive and active, respec-
tively (16-20). When tissues are homogenized in the presence
of 50 mMsodium fluoride, an inhibitor of dephosphorylation,
assays of HMGCoA reductase activity are indicative of the
activity of the enzyme present in situ (18). In contrast, when
tissues are homogenized in sodium chloride, the enzyme is
dephosphorylated (activated), and assays then represent an
index of the total quantity of enzyme present in the tissue (18).
Under basal conditions - 50% of epidermal HMGCoA re-
ductase is in the activated form, a finding similar to that in
other mammalian tissues, with the exception of liver, where
only 15-30% of the enzyme is activated (17, 18, 20, 23). As
observed in liver (18, 25), phosphatase treatment of NaCl-iso-
lated microsomes did not result in an increase of HMGCoA
reductase activity (Table II), indicating that the isolation of the
microsomes in NaCl-containing buffers results in virtually
complete activation of the enzyme.

Whereas treatment of mice with acetone produced an in-
crease in total enzyme activity 1.5 h after treatment, an in-
crease in activation state occurred much sooner: i.e., by 15 min
after barrier perturbation, peaking at 2.5 h (96% increase). In
conjunction with the 43% increase in total enzyme amount,
this increase in activation state results in an overall 2.8-fold
(180%) increase in enzyme activity at 2.5 h. Whereas total
HMGCoA reductase activity returned to normal by 7 h, the
activation state remained increased even at 15 h (Note: TEWL
rates also are still greater than normal at 15 h [Fig. 4].) This
shows that modulations in HMGCoA reductase activation
state are more closely coupled to fluctuations in barrier func-
tion than is enzyme amount. Virtually identical results were
observed after SDSor tape stripping disruption of the barrier.
These results should be compared with studies in liver. Obser-
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vations in the liver have suggested that the short term (< 1 h)
regulation of HMGCoA reductase activity is entirely modu-
lated by changes in activation state with enzyme concentra-
tions becoming a regulatory mechanism only -after extended
duration of study (32-34). The chronic regulation of hepatic
HMGCoA reductase activity is primarily dependent on the
quantity of enzyme present (18, 35, 36), with only modest
changes in catalytic efficiency (37). In the epidermis, however,
changes in activation state appear to play a more crucial role in
regulating HMGCoA reductase activity. Moreover, recent
studies have suggested that the dephosphorylated enzyme is
degraded more slowly than phosphorylated enzyme, and it is
therefore possible that these rapid changes in phosphorylation
state could play a role in determining the quantity of enzyme
present in the epidermis (38).

With acetone treatment, increases in total HMGCoA re-
ductase activity seems to occur only after profound barrier
disruption (TEWL > 550 ppm/0.5 cm2 per h), whereas
changes in activation state seem to occur in association with
lesser degrees of barrier disruption (TEWL > 300 ppm/0.5
cm2 per h) (Fig. 5). Thus, in epidermis regulation of cholesterol
biosynthesis after profound barrier disruption occurs via
changes both in the amount of enzyme protein and in the
activation state, whereas with moderate barrier disruption
changes essentially are limited to the activation state alone.

Of particular note is that occlusion prevented the expected
increase in HGMCoA reductase activation state after acetone
treatment, SDS treatment, and tape stripping. The small in-
creases that were observed could be ascribed to rapid changes
in the phosphorylation state that occur during the 10-min pe-
riod required to place the tightly-fitted latex wrap.

There was a surprising 99% activation of HMGCoA re-
ductase in EFADmice, implying that chronic barrier disrup-
tion because of linoleic acid deprivation results in complete
activation of the enzyme. The 99% activation state in EFAD
mice represents a 115% increase in comparison to normal
mice, which together with an increase in enzyme amount of
83%, equates to an overall, fourfold (293%) increase in total

Figure 6. Effect of occlusion on
HMGCoA reductase activation (de-
phosphorylation) state in mouse
epidermis. Mice were treated as de-
scribed under Fig. 3, except that
epidermis was separated from
dermis by heat treatment. One part
of the epidermis was homogenized
in NaF and the other part in NaCl-
containing buffers. The HMGCoA
reductase was measured as de-
scribed in Methods (n = 3-5). Data
are mean±SEM.

enzyme activity. Occlusion of EFAD mice only partly de-
creased enzyme activity, presumably because occlusion does
not completely reverse the hyperproliferative state. Enhanced
enzyme activity would be required to maintain tissue supplies
of cholesterol and isoprenoids required for DNAreplication
and cell growth (30, 31).

In summary, these results demonstrate that the increase in
cholesterol synthesis which occurs in the epidermis after bar-
rier disruption can be attributed both to stimulation of HMG
CoA reductase content and activity. The specific relationship
of this enhanced activity to barrier function is supported fur-
ther by the blockade of both increased total enzyme activity
and enzyme activation following application of an occlusive
wrap. These results further suggest that modulations in epi-
dermal HMGCoA activity could directly influence barrier
function, a concept supported by recent studies that demon-
strate changes in barrier function after topical lovastatin treat-
ment (39).
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