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Levin, M.S. Pitt, AJA., Schwartz, AL, Edwards, P.A. and Gordon, J.I. (1989),
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PROTOCOL 418-008:

PFOS IN RATS (SPONSOR'S STUDY NUMBER: 6295.9)

TABLE E20 (PAGE 1):

MATERNAL DOSAGE GROUP 1

MATERNAL DOSAGE (MG/KG/DAY) 0 (VEHICLE)
DELIVERED LITTERS WITH
ONE OR MORE LIVEBORN PUPS N 22
PUPS DELIVERED (TOTAL) N 316
MEANS.D. 14.4 + 3.5
LIVEBORN MEAN4+S.D. 4.1+ 3.5
N{%) 310( 98.1)
STILLBORN MEAN4+S.D. 0.3+ 0.6
N(%) 6( 1.9)
PUPS FOUND DEAD OR PRESUMED CANNIBALIZED
DAY 1 N/N (%) 2/310( 0.6)
DAYS 2- 4 N/N(%) 7/308( 2.3)
DAYS - 7 N/N(¥) 0/171( 0.0)
DAYS 8-14 N/N(%) 0/171( 0.0)
DAYS 15-21 N/N (%) 0/171( 0.0)
VIABILITY INDEX b 3 97.1
N/N 301/310
LACTATION INDEX ¢ ) 100.0
N/N 171/171
DAY (S) = DAY(S) POSTPARTUM

a.

ILITTER OBSERVATIONS (NATURALLY DELIVERED PUPS) -

0.1

21

azs
15.5 +

15.1 ¢
318( 97.8)

0.3 +

7( 2.2)

2/318(
2/316/(
2/1671
1/165¢(
0/164 ¢

COoO~OO

98.7
314/318

98.2
164/167

SUMMARY

.6)
.6)
.2)
.6)
.0)

24

357
14.9 +

14.3 +
344( 96.4)

0.5 +
13( 3.6)

2/344¢(
11/342(
$/191(
1/178(
0/177¢(

CONWR

96.2
331/344

96.7
177/183

COMBINED ORAL (GAVAGE) FERTILITY, DEVELOPMENTAL AND PFRRINATAL/POSTNATAL REPRODUCTION TOXICITY STUDY OF

F2 GENERATION LITTERS

2.6

2.5

0.9

.6)
.2)
.6)
.6)a
.0)a

Excludes values for litter 13257; the dam was found dead on day 10 of lactation; eight pups were sacrificed.

b. Number of live pups on day 4 (preculling) postpartum/number of liveborn pups on day 1 postpartum.
c. Number of live pups on day 21 (weaning) postpartum/number of live pups on day 4 (postculling) postpartum.

800-8L¥
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PROTOCOL 418-008:

PFOS IN RATH

6295.9)

COMBINED ORAL (GAVAGE) FERTILITY, DEVELOPMENTAL AND PERINATAL/POSTNATAL REPRODUCTION TOXICITY STUDY OF
(SPONSOR'S STUDY NUMBER:

TABLE E20 (PAGE 2): LITTER OHNSERVATIONS (NATURALLY DELIVERED PUPS) - SUMMARY - F2 GENERATION LITTERS

DELIVERED LITTERS WITH

ONE OR MORE LIVEBORN PUPS N

SURVIVING PUPS/LITTER a

DAY

1

b

DAY 4 PRECULLING

DAY .. 4 POSTCULLING

DAY

7

DAY 14

DAY 21

PERCENT MALE PUPS PER
NUMBER OF PUPS SEXED

DAY

DAY

DAY

1

4

b

PRECULLING

POSTCULLING

MEAN+S.
MEAN:+S.
MEAN+S,
MEAN:+S.
MEAN+S.

MEAN:S.

0 (VEHICLFE)
22
14.1 + 3.
13.7 &+ 3.
7.8+ 0.
7.8 + 0.
7.6 &+ 0.
7.8 + 0.
47.9 + 15.
47.9 + 15.
47.0 + 10.
47.0 + 10.
47.0 + 10.
47.0 + 10.

1S5.

15.

s2.

51.

49.

48.

49.

49.

-
1+

o
1+

®
(23

N e o n -
1+ |e 1+ |+ I+

[
I+

14.3 + 2.5

13.8

I+
(Y]
-

47.0 + 13.3
46.6 + 13.4

9.1+ 5.7

DAY = DAY POSTPARTUM
{ } = NUMBER OF VALUES AVERAGED .
Average number of live pups per litter, including litters with no surviving pups.

a.
b.
c

Includes pups born alive, found dead day 1 postpartum.

Excludes values for litter 13257; the dam was found dead on day 10 of lactation; eight pups were sacrificed.

800-8LY
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PROTOCOL 418-008: COMBINED ORAL (GAVAGE) FERTILITY, DEVELOPMENTAL AND PERINATAL/POSTNATAL REPRODUCTION TOXICITY STUDY OF
PFOS IN RATS (SPONSOR'S STUDY NUMBER: 6295.9)

TABLE E20 (PAGE 3): LITTER OBSERVATIONS (NATURALLY DELIVERED PUPS) - SUMMARY - F2 GENERATION LITTERS

MATERNAL DOSAGE GROUP 1 11 111
MATERNAL DOSAGE (MG/KG/DAY) 0 (VEHICLE) 0.1 0.4
DELIVERED LITTERS WITH
ONE OR MORE LIVEBORN PUPS N 22 21 24
LIVE LITTER SIZE AT WEIGHING
DAY 1 MEAN+S.D. 14.0 + 3.5 15.0 + 2.6 14.2 + 2.5
DAY 4 PRECULLING MEAN:S.D. 13.7 + 3.3 15.0 + 2.8 13.8 ¢+ 2.4
DAY 4 POSTCULLING  MEAN:S.D. 7.8+ 0.8 8.0 + 0.2 7.9+ 0.3
DAY 7 MEAN+S.D. 7.8+ 0.8 7.8+ 0.5 7.8+ 0.7
DAY 14 MEAN:+S.D. 7.8+ 0.8 7.8+ 0.7 7.7+ 0.8
{ 23]la
DAY 21 MEAN+S.D. 7.8+ 0.8 7.8+ 0.7 7.7+ 0.8
{ 23]a
PUP WEIGHT/LITTER (GRAMS)
DAY 1 MEAN+S.D. 6.3+ 0.8 6.1+ 0.5 6.2+ 0.5
DAY 4 PRECULLING MEAN:S.D. 8.7 + 1.6 8.2+ 1.0 8.0+ 1.3
DAY 4 POSTCULLING  MEANsS.D. 8.8 + 1.6 8.3+ 1.0 8.0+ 1.3
DAY 7 MEAN+S.D. 14.7 ¢+ 2.4 13.9 + 2.2 12.8 + 2.6*
DAY 14 MEAN+S.D. 32,0 + 1.5 31.8 + 3.1 28.9 4+ 4.7%*
[ 23}a
DAY 21 MEAN+S.D. 50.1 + 5.1 49.2 + 5.0 46.5 * 6.3
{ 23)a

DAY = DAY POSTPARTUM

{ ) = NUMBER OF VALUES AVERAGED

a. Excludes values for litter 13257; the dam was found dead on day 10 of lactation; eight pups were sacrificed.
+ significantly different from the vehicle control group value (p<0.05).

¢+ gignificantly different from the vehicle control group value (p<0.01).

800-8L¥
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TERATOLOGY 50:19-26 (1994)

Prevention of Fluvastatin-Induced Toxicity,
Mortality, and Cardiac Myopathy in Pregnant Rats
by 1}’[evalom’c Acid Supplementation

ROMAN V. HRAB, HOWARD A. HARTMAN, aND RAYMOND H. COX, JR.
Regulatory Toxicology, Drug Safety Department, Sandoz Research Institute, Sandoz Pharmaceuticals Corporation,

East Hanover, New Jersey 07936

ABSTRACT  Mevalonic acid is a product of
the enzyme HMG-CoA reductase which is essen-
tial for cholesterol biosynthesis. Fluvastatin (San-
doz compound XU 62-320) is a potent inhibitor of
this enzyme and, hence, mevalonic acid produc-
tion. In three separote studies, oral administration
of fiuvastatin ot 12 and 24 mg/kg/day to mated
rats from day 15 of gestafion rough weaning re-
sulted_in_unanticipated matemnal mortality at the
time of parturition and during lactation. Micro-
scopic evaluations performed in fwo studies re-
vealed significant cardiac myopathy in_the dying
animals. Drug-related clinical signs, significant mo-
ternal body weight Toss, and on increase in stillborn
pups and neonatal moriality were also noted at
one or both dose levels. Supplementation of fluv-
c@mr_—ﬂrmmwm 500 mg/kg b.i.d. of me-
valonic acid completely blocked and/or amelio-
rated The morahity, cardiac myopathy, ond ofRer

rats, and no evidence of teratogenic activity in rats at
mmmwmm 10
mmm in
a perinatal/postnatal study (Segment III), 12 and 24
mg/kg/day of fluvastatin administered to pregnant rats
from day 15 pc (post coitus) through weaning resulted
in maternal mortality at or near term and during the
postpartum period. This mortality was replicated ina
subsequent follow-up study, and microscopic tissue e

évalu 3 dthe occurrence of cardiomyopathy
only in t ing animals. No cardiac pathology was

detected in nonpregnant animals in these studies with .-
fluvastatin. As in previous rat studies (Stoll et al., '88),/
forestomach epithelial hyperplasia and hyperkeratosis
were found. These have been shown to be specific to
rodents and to be a result of contact irritation by flu-

vastatin (Robison et al., "94).

Coadministration of mevalonic acid, the jmmediate

product of the enzyme HMC-CoA reductase, has been

adverse effécts. These studies indicate that the ad-
; verse maternal effects observed with Nluvasionn
before or following parturition resulted from exoag-
gerated pharmacologic aclivity at the dose levels

administered, i.e., inhibition of the enzyme HM(>-
CoA reductase, its_immediale product mevalonic
acid, an T iosynthesis.

—==: OfC Ghoiaslerol biosynine:

€ 1994 Wiley-Liss, Inc.

Fluvastatin (Sandoz compound XU 62-320) is a syn-
thetic potent inhibitor of hydroxymethylglutaryl coen-
zyme A (HMG-CoA) reductase, the rate-limiting en-
zyme in cholesterol biosynthesis (Engstrom et al., '88;
Kathawala et al., '88; Kathawala, "91). Administration
of fluvastatin in rats, dogs. and monkeys induces sig-
aificant reductions in serum total cholesterol, low-den-
sity lipoprotein cholesterol, and serum triglyceride lev-
els (ngstrom et al., '8B). During the safety assessment
of tluvastatin, nonclinical studies were performed to
evaluate the effect of this compound on fertility, repro-
ductive performance, and teratogenicity in rats and
rabbits. There were no adverse effects on fertility or

reproductive performance up. to_the highest dose levels
tested in male (20 mg/kg/day) and female (6 mg/kg/day)

< © 1994 WILEY-LISS, INC.

shown to prevent or antagonize various organ toxicities
induced in ats and rabbits with other HMG-CoA re-
ductase inhibitors (MacDonald et al., ’88; Kornbrust et
al.,, ‘89). In pregnant rats, it has been shown that 500
mg/ i valonic acid suppressed the teratoge-

nicity of mevinolinic acid, an inhibitor of HMG-CoA
mately 5 hr after administration of mevinolinic_dcid
(Minsker et al., '83). Since fluvastatin is an inhibitor of
the enzyme HMG-CoA reductase and therelore of me-
valonic acid production, a relationship was considered
to exist between the exaggerated pharmacologic activ-
ity associated with HMG-CoA raductase inhibition by
fTuvastatiramd-theotcurrence of maternal mortality
and/or cardiac lesions. The study reported herein was_ *

designed to defermine whether coadministration of me-

Received October 14, 1993; accepted February 25, 1994.

Address reprint requests o Roman V, Hrab, Regulatory Toxicology,
Drug Safety Department, Sandoz Research Institute, Sandoz Pharma-
ceuticals Corporation, East Hanover, NJ 07936.

This paper was submitted for publication shortly after the untimely
death of Dr. Cox in August 1993,
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TABLE 1. Daily dosing schedule

Second dose administration

Third dose administration

Group First dose administration tapprox. 1/2 hr. after first dose) {approx. 5 hr. after second dose!
1 Deionized H,0 1% CMC Deionized H,0

I Mevalonic acld 500 mg/kg 1% CMC Mevalonic acxd 500 mg/kg
m Mevalonic acid 500 mg/kg Fluvastatin 12 mg/kg/day Mevalonic acid 500 mg/kg
v Mevalonic acid 500 mg/kg Fluvastatin 24 mg'kg/day Mevalonic acid 500 mg/kg

A" — Fluvastatin 12 mg/kg/day -

Vi —_ Fluvastatin 24 mg/kg/day —_

valonic acid with fluvastatin from day 15 of gestation
Through day 21 postpartum could inhibit or block the
adverse effects noted with fluvastatin.
MATERIALS AND METHODS
Animals

One hundred twenty female rats (Charles River CD®-
Sprague-Dawley-derived) obtained from Charles River
Breeding Laboratories, Inc., Kingston, New York, were
approximately 14 wk old at the start of the study. A
group of males of the same strain and age, and from the
same supplier, was used for mating, during which each
female was housed with one male. Observation of vag-
inal plugs the following morning was considered evi-
dence of mating and day 0 of gestation or day 0 post
coitus (pc). The day on which pups were born was des-
ignated day 0 postpartum (pp), while day 21 pp was the
day of weaning. As the females were mated, they were
randomly assigned to six groups until 20 rats per group
were mated. After mating, females were housed indi-
vidually in suspended stainless steel wire-bottom cages
in a temperature and humidity controlled room with a
12-hr light and 12-hr dark cycle. On day 20 of gestation,
the rats were transferred to transparent plastic cages
with bedding consisting of hardwood chips. Certified
Purina rodent chow (pellets) and water (provided via
automatic watering device) were supplied ad libitum.

Compounds administered

Lot 28 of fluvastatin (XU 62-320) was used in this
experiment. Purity was determined by thin-layer chro-
matography (TLC) and high-performance liquid chro-
matography (HPLC) to be 99+ %. DL-mevalonic acid
lactone was obtained from Fluka Chemical Corp.

as determined by HPLC.

Dosage administration

Dosing solutions of fluvastatin were prepared fresh
daily in 1% carboxymethylcellulose (CMC). Mevalonic
acid was prepared fresh twice daily in deionized water.
Individual animal doses were calculated and adminis-
tered daily (to females only) via gavage from day 15 of
gestation through day 21 postpartum at a volume of 10
mlkg (Table 1). Dose calculations were based on the
daily body weight from day 15 of gestation until deliv-
ery (or day 28 pe for those animals which did not de-

liver). Following delivery (day O pp) through weaning
(day 21 pp), the dose calculations were based on the
most recently recorded body weight. Control rats re-
ceived three separate doses: 10 ml/kg b.i.d. of deionized
water and 10 ml/’kg/day of 1% CMC, also based on the
same body weight schedules as in the dose groups. Con-
centrations of the dosing solutions were assayed and
verified four times during the study.
Examinations

Individual clinical observations were recorded at
least once daily. Body weights were recorded on days 0,
7, and daily from days 15 through 20 of pregnancy.
After each animal delivered, maternal body weights
were recorded on days 0, 7, 14, and 21 pp. Food con-
sumption was recorded only dunng gestation on days 0,
7, 15, and 20 pe.

Following delivery of each litter, viability, clinical
signs, and external examinations of pups were re-
corded on days O pp through 21 pp. The sex and indi-
vidual weights of all viable pups were recorded on days
0, 1, 4, 7, 14, and 21 pp. Pups stillborn or found dead
during the postpartum period and not autolyzed or can-
nibalized were examined, identified, and preserved in
neutral buffered 10% formalin. Dams dying spontane-
ously or sacrificed moribund were necropsied. Animals
which did not deliver were necropsied on day 28 pc. On
day 21 pp, all remaining dams and pups were eutha-
nized, necropsied, and examined. Pups with lesions as
well as several control group pups were identified and
saved in neutral buffered 10% formalin. All other pups
were discarded.

Post mortem examinations

Following induction of deep surgical anesthesia us-
ing excess CO,, animals were euthanized by severing
the axillary vessels for exsanguination. Terminal body
weight was recorded for each dam and a thorough dis-
section was performed on all surviving dams at wean-
ing (day 21 pp). All gross lesions and approximately 40
representative tissue specimens were collected and pre-
served in neutral buffered 10% formalin.

Spontaneously dying animals were dissected and a
complete set of tissue specimens, including the gravid
reproductive tracts, were collected and preserved. Non-
pregnant animals were sacrificed on day 28 pc. Since
the treatment-related cardiac findings occurred only in
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TABLE 2. Cause of death of spontaneously dying animals

Total number Pregnant females Pregnant Nonpregnant
of females that died females femnales
that died before delivery that died dying during
Dose group on study on day 22 pc postpartum experiment
1 Control 0 0 0 . 05
I Mevalonic acid 500 mg’kg 2 . 0 1 (sac. moribund day 1 pp)* 1 (day 26 pe!
[II Fluvastatin 12 mg/kg, 1 0 0 1 (day 18 pe)
mevalonic acid 500 mg'kg
IV Fluvastatin 24 mgrkg, 2 0 0 1 (day 19 pe)® )
mevalonic acid 500 mgrkg 1 (elective sac. day 15 pe)’
V Fluvastatin 12 mg/kg 3 1! 1 (day 4 pp»* 0
1 (day 13 pp)®
VI Fluvastatin 24 mgkg 8 12 1 (day 2 pp¥? 0
1 (day 5 pp)? -
1 (day 6 pp?

2 (sac. moribund day 10 pp»®
1 (day 12 pp)?
1 (day 14 pp)®

1Cause could not be determined.

2Heart lesion (vacuolar degeneration, and/or myocarditis probably related to death).

3Intubation accident, lesions seen by gross or microscopic examination.

‘Intubation accident based on clinical observations and gross or microscopic examination.

SPossible intubation accident, although microscopic findings were not conclusive.

§Intubation accident based on clinical observations, although microscopic findings were not conclusive.

"Broken, malaligned incisors; animal in poor health.

pregnant animals, data from the nonpregnant animals
were considered separately.

Based on results from previous studies, microscopic
evaluations were limited to the hearts and stomachs
from all animals. For spontaneously dying or animals
sacrificed moribund, the tissue evaluation included
gross lesions, lungs, trachea, thymus with mediasti-
num, and liver.

Statistical analysis

All statistical evaluations of data compared treat-
ment groups with controls at P<0.05 and P=<0.01 levels
of significance, with a two-tailed analysis. Maternal
body weight, duration of gestation, number of pups de-
livered, live pups per litter, pup weight, and implanta-
tion sites were evaluated by analysis of variance
(ANOVA) followed by Dunnett's Test. Fisher's Exact
Test was used to evaluate maternal fertility and repro-
ductive performance, numbers of dead pups, and sex
ratio, as well as neonatal necropsy examination data.
Maternal terminal body weights were evaluated by a
one-way ANOVA followed by Duncan’s Multiple Range
Test.

RESULTS
Maternal mortality and clinical observations

Drug-related maternal mortality occwrred in animals
receiving 12 and 24 mg/kg/day of fluvastatin where 2
out of 17 and B out of 17 pregnant animals, respectively,
died or were sacrificed moribund (Table 2). One animal
from each of these groups died on day 22 of gestation
without completing delivery but had full-term fetuses

in utero. Others died within the first 2 wk postpartum.
The cause of death of the 8 animals administered flu-
vastatin at 24 mg/kg/day was related to the presence of
cardiomyopathy characterized by hyaline, granular or
vacuolar degeneration, and/or myocarditis (Fig. 2-5).
The cause of death of the 2 rats administered fluvas-
tatin at 12 mg/kg/day could not be dstermined.

Necropsy examination of the 2 animals that died on
day 22 of gestation revealed dead, morphologically nor-
mal full-term fetuses in the uterus, indicating that
they were probably alive up to the time of the dam’s
death. Furthermore, drug-related clinical observations
were seen in the 24 mg/kg/day fluvastatin animal
which included decreased locomotor activity (on days
20 and 21 pc), splayed (extended) hindlimbs, tremors,
ataxia, labored breathing, salivation, lacrimation, and
disorientation on day 21 pc. Similar signs were seen in
the 12 mg/kg/day animal on day 22 pc prior to death.

Other animals from the 12 and/or 24 mg/kg/day flu-
vastatin groups also exhibited various drug-related
clinical signs including ataxia, impairment/loss of
righting reflex, decreased locomotor activity, hunched
or flattened body position, splayed (extended) hind
limbs, ptosis, tremors, disorientation, labored breath-
ing, skin pallor, and dehydration.

Maternal body weight and food consumption

No treatment-related differences in maternal body
weight gain were noted during gestation days 15-20,
the initial period of administration of fluvastatin
and/or mevalonic acid (Table 3). During the first 7 days
after delivery, a transient, statistically significant ma-
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Fig. 5. 24 mgikg: death on day 14 pp. In some high-dose animals
dying in the later postpartum period. mvocardial lesions encountered
were often more complex. frequently characterized by areas of myo-
fiber disintegration accompanied by inflammatory infiltrates and in-
terstitial edema. The affected areas ranged from limited to widespread.
Not seen in earlier myocardial lesions was the occurrence of conspie-
uous cytoplasmic vacuolization illustrated in this figure (x 400).

ternal body weight loss of 5% and 9% was apparent in
the 12 and 24 mg/kg'day fluvastatin dose groups, re-
spectively, compared to a 4% gain in controls. A 2%
body weight loss occurred in animals receiving the 24

Fig. 1. Control animai: :ypical appearance of nontreated control
myocardial tissue ( x 200:.

Fig. 2. 24 mg/kg: death on day 21 pc before delivery. An example
illustrating the significant but focal nature of myocardial hyaline
degeneration. interstitial edema. and evidence of actual myofiber loss
encountered in dying high-dose animals. Lesions of this type (left half
of illustration) were detected oniy in animals dying during delivery or
immediately postparium. The myocardium in the right half of this
illustration is unaffected x 2¢O

Fig. 3. 24 mg/kg: death on day 22 pc before delivery. Discrete area
of significant myocardial necrosis with mononuclear phagocytie infil-
tration. Affected myofibers have undergone granular degeneration.
Adjacent myofibers are normal. Multiple foci of this type were seen
elsewhere in the myocardium of this animal { x 200).

Fig. 4. 24 mg'kg: sacrificed moribund on day 10 pp. Conspicuous
myofiber cytoplasmic vacuolization was frequently noted in animals
dying later in the postparium period. These cytoplasmic alterations
were unaccompanied by infiammation or other evidence of myofiber
degeneration. The distribucion of affected fibers ranged from limited
areas to widespread regions of myocardium. The vacuoles themselves
were found to be devoid of fa: or zivcogen ( x 400).

mg/kg/day dose level of fluvastatin supplemented with
mevalonic acid. During the next 7 days (days 7-14 pp),
a body weight gain was evident in all groups. However,
considering the first 2 wk postpartum (days 0-14), an
overall body weight loss was nevertheless apparent in
the 2 fluvastatin groups (Table 3).

Subsequently, during days 14-21 pp, a slight mater-
nal body weight loss was observed in all groups includ-
ing controls. Maternal weight loss is not uncommon
during this time period and is probably due to a greater
nutritional demand on the dams resulting from in-
creased lactation, combined with more ingestion of feed
by the pups and therefore less by the dams. Although
not statistically significant, a slight decrease in food
consumption of approximately 11% was evident during
the treatment period from days 15-20 of gestation in
both groups administered 24 mgrkg/day of fluvastatin,
with and without mevalonic acid (Table 3).

Fertility and reproductive performance

No remarkable variation in pregnancy rate occurred
among the groups. Considering the mean length of the
gestation period of those animals completing delivery,
there was no treatment-related variation among
groups (Table 4). A slightly lower gestation index in
Group VI (fluvastain at 24 mg/kg/day) reflects the one
animal which had no viable pups, 5 stillborn pups, and
7 dead pups of unknown viability status at birth.

Postnatal litter data

The mean number of liveborn pups was lower in both
groups administered fluvastatin alone (Groups V and
V1) when compared to concurrent controls (Table 5). An
increased incidence of stillborn pups occurred in the 12
and 24 mg/kg/day fluvastatin Group V (7%) and Group
VI (22%), compared to a range of 2—-3% in controls and
Groups II, ITI, and IV. There was no evidence to suggest
any remarkable increase in in utero postimplantation
embryo/fetal mortality (i.e., early or late resorptions)
in any of the groups, either before or after initiation of
fluvastatin and/or mevalonic acid administration (Ta-
ble 5). Neonatal mortality of 15% and 56% was ob-
served through weaning in both 12 and 24 mg/kg/day
fluvastatin Groups V and VI, respectively (Table 5),
with a statistically significant increase noted at 8-14
days postpartum in Group V and as early as 1-4 days
postpartum in Group VI. Although the overall neona-
tal mortality in Group IV (24 mg/kg/day fluvastatin
supplemented with mevalonic acid) was also statisti-
cally significant, it was minimal.

Drug-related lower birth weights as well as lower
neonatal body weights during the lactation period were
evident in both 24 mg/kg/day fluvastatin dose groups,
with and without mevalonic acid supplementation.

The most prominent neonatal clinica] observations
occurred in Group VI (24 mg/kg/day of fluvastatin)
where several litters, whose dams were adversely af-
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TABLE 3. Percent body weight change and relative food consumption compared to controls

Group 1 et m v Vi
Control Mevalonic Acid  Fluvastatin + Mevalonic Acid Fluvastatin
12 mg/kg/day 24 mg/kg/day
+ +
0 500 mg’kg 500 mg'kg 500 mg'kg 12 24
Lngk_g_@ay b.id. b.i.d. b.i.d. mg/kg/day  mg/kg/day
% body weight change:
days 15-20 pc 18 18 18 16 16 16
0-7 pp 4 3 2 -2 -5 ~g*
0-14 pp 8 4 4 2 -1 -3~
7-14 pp 4 1 2 4 4 1
14-21 pp -5 -3 -4 -3 -3 -1
Relative food consumption:
days 15-20 pc 100% 100% 96% 83% - 93% 89%
*P = 0.01.
*=*p =< 0.05.
TABLE 4. Fertility and reproductive performance
Group 1 . o m v v vi
Control Mevalonic Acid  Fluvastatin + Mevalonic Acid Fluvastatin
12 mg/kg/day 24 mg’kg/day
+ +
0 500 mg/kg 500 mg/kg 500 mgkg 12 24
mggg/day b.i.d. b.i.d. b.i.d. mg/kg/day mg/kg/day
No. of animals mated/group 20 20 20 20 20 20
# Pregnant 18 17 15 18 17 17
Pregnancy rate! 90% 85% 75% 90% 85% 85%
Gestation index? 100% 100% 100% 100% 100% 94%
No. of animals
completing delivery 18 16° 15 18 16 16
Mean length gestation of
animals completing
delivery (days) 21.9 21.8 220 . 21.7 22.1 22.2
Range (days) 21-22 21-22 22 21-22 22-23 21-23

!Percent matings resulting in pregnancy; includes animals which died.

ercent pregnancies resulting in litters with one or more viable offspring: does not include animals which died.
3Does not include one animal which delivered 4 stillborn, 4 dead, and 6 viable pups, but was sacrificed in a moribund condition
on day 1 pp following a probable intubation accident on day 22 pe.

TABLE 5. Neonatal litter size and mortality

Group Control )14 J 11 v \'4 V1
Mean no. of pups delivered 154 16.1 17.1 15.6 13.6 14.9
Mean no. of liveborn pups 15.1 15.9 16.7 15.2 12.6 11.1*
Mean no. of implantation sites 16.4 17.3 18.2 16.7 15.2 16.3
In utero post implantation loss 6.1% 6.9% 6.0% 6.6% 10.5% 8.6%
Overall neonatal mortality through weaning 3% 5% 6% T%*™ 15%* 56%*
*P < 0.01.

**P < 0.05.

fected, had pups which appeared pale, thin, weak,
and/or dehydrated. Necropsy examination of pups
which were found dead during the lactation period, or
were culled prior to weaning, showed that both groups
administered fluvastatin alone (Group V and VI) had a
higher incidence of pups without milk visible in the
stomach.

Macroscopic and microscopic evaluation of
spontaneously dying animals
No macroscopic evidence of treatment-related effects
was noted other than the anticipated forestomach
thickening present in 2 of 3 and 7 of 8 animals from the
12 and 24 mg/kg/day fluvastatin groups, respectively,
which died or were sacrificed moribund.
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TABLE 6. Time and incidence of treatment-related maternal mortality'

Study Segment III Segment [II follow-up Segment Il mevalonate supplementation
Fluvastatin Fluvastatin

Fluvastatin Fluvastatin MEV + MEV + MEV Fluvastatin
Dose (mg/kg) 2 12 24 2 6 12 24 500 12 + 500 24 + 500 12 24
Day 15-21 pc 2 2
Opp = 22 pc 2 4 4 1 1
23 pc 1 1
1-4 pp 1 2 1 1
5-15 pp 1 6 1 3 6

1o facilitate simultaneous presentation of data, the control groups (all negative) were omitted.

Microscopic findings consisted of a variety of myo-

cardial lesions in all dying Group VI (fluvastatin at 24-

mg/kg/day) animals. The cardiomyopathy was charac-
terized by focal myocarditis and lesions of myofiber hy-
aline, granular and vacuolar degeneration (Table 2).
These findings were considered treatment-related and
similar to those seen in a previous study in pregnant or
lactating animals dying during or after parturition.

Two types of myocardial lesions were detected micro-
scopically. In animals dying at and within a few days
after parturition, the lesions were characterized by hy-
aline degeneration of isolated groups of myofibers ac-
companied by slight interstitial edema and hemor-
rhage (Fig. 2 and 3). The lesions typical of animals
dying 3—4 days after parturition or later were charac-
terized by widespread cytoplasmic vacuolar changes in
the myofibers, i.e., the occurrence of large and small
clearly defined round empty vacuoles (Fig. 4 and 5).
Occasionally these were accompanied by a sarcolem-
mal response and inflammatory cell infiltrates, which
suggested a myofiber proliferative or reparative re-
sponse to the induction of the myocardial injury.

Cardiomyopathy was not present in the spontane-
ously dying animals which had been given a lower dose
(12 mgrkg/day) of fluvastatin alone. All animals dying
in the 24 mg/kg/day fluvastatin group had cardiac le-
sions. These lesions were considered related to the
cause of death in these animals.

Terminal sacrifice animals

The only treatment-related effect noted occurred in
all the groups which received fluvastatin. Most of the
animals in Group III (14 out of 19), Group IV (17 out of
18), Group V (14 out of 17), and Group VI (11 out of 12)
had varying degrees of forestomach thickening. No ev-
idence of this effect was detected in Group II (meval-
onic acid alone) or the controls. In Groups III and IV,
supplementation with mevalonate did not influence
the incidence of fluvastatin-induced forestomach thick-
ening.

Microscopically, the forestomach thickening was
characterized by epithelial hyperplasia’hyperkeratosis
in all groups which received fluvastatin, including
those receiving the mevalonic acid supplementation.
No evidence of ulceration accompanied these hyper-

plastic lesions. The hyperplasia ranged from mild to
moderate in degree. In the absence of specific quanti-
tative measurements, there appeared to be correlation,
with greater degrees of hyperplasia seen at the higher
doses of fluvastatin in Groups IV and VI (24 mg/kg/
day) compared to the response seen in Groups Ill and V
(12 mg/kg/day). There did appear to be a lesser degree
of hyperplasia/hyperkeratosis in the animals adminis-
tered mevalonate and 12 mg/kg/day fluvastatin (Group
Il compared to the low dose of fluvastatin alone
(Group V).

Histological evidence of fluvastatin-induced myocar-
dial fiber injury and/or inflammation was not present
in the mevalonate-supplemented Groups III and IV.
Likewise, in the surviving Group V and VI (fluvastatin
at 12 and 24 mg/kg/day) animals, myocardial lesions
were not detected.

DISCUSSION

The maternal toxic effects induced by fluvastatin re-
ported herein had been encountered in two previous
studies at similar dose levels, and consisted of mater-
nal mortality at delivery and during the postpartum
period (Table 6). Microscopic evidence of associated
myocardial lesions was detected in the follow-up study.
An increase in stillborn pups was observed with no
evidence of earlier in utero fetal mortality, suggesting
a toxic effect on the dams immediately prior to, or dur-
ing, parturition. The absorption and disposition of flu-
vastatin have been studied in nonpregnant rats (Tse et
al,, '90) and in pregnant and lactating rats, and in
suckling pups (A. Schweitzer, unpublished data). In all
cases fluvastatin was rapidly eliminated with little or
no accumulation in the tissues. Limited placental
transfer resulted in very low levels in embryos or fe-
tuses. Fluvastatin was detected in maternal milk and
subsequently at measurable levels in suckling pups.
However, the neonatal mortality observed soon after
parturition, as well as during the lactation period, may
be a reflection of adverse effects relative to deficient
maternal lactation and lack of litter care as influenced
by maternal toxicity.

The results indicate that fluvastatin-induced mater-
nal and neonatal mortality could be completely blocked
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and/or ameliorated by coadministration of mevalonic
acid. Adverse effects on maternal body weight were
nonexistent with mevalonic acid supplemented fluvas-
tatin at 12 mg/kg/day and markedly improved at 24
mg/'kg/day, although food consumption remained
slightly decreased at 24 mg/kg/day despite supplemen-
tation with mevalonic acid. The decreased neonatal
body weight gain during lactation at 24 mg/kg/day may
be related to the reduced maternal food intake noted at
this dose level.

While mevalonate supplementation prevented mor-
tality and the development of heart lesions in Groups
III and IV (fluvastatin at 12 and 24 mg/kg/day), it did
not reduce the direct effect of fluvastatin on the gastric
forestomach squamous epithelium, although the de-*
gree did appear somewhat lower in Group III. This is
considered further evidence that hyperplasia/hyper-
keratosis is the result of direct or contact irritation by
fluvastatin on the squamous forestomach epithelium.

The fluvastatin-induced early cardiac lesions char-
acterized by hyaline degeneration (before or at partu-
rition) resembled those induced by isoproterenol (preg-
nant rats are uniquely sensitive)'. The postnatal
lesions (vacuolar sarcoplasmic changes and myocardi-
tis) appeared to be the result of sarcoplasmic fluid ac-
cumulation possibly related to alteration of cellular
membrane structures.! The relationship or progression
between pre- and postpartum lesions, if any, is not

It would not be unexpected, therefore, that inhibition of
this critical enzyme would influence or disturb the dv-
namic events occurring in late gestation and at pan{x-
rition. The data from Groups III and IV clearly indicate
that mevalonate supplementation prevents mortality
and the development of heart lesions. It is not clear
from these studies exactly what the effect is in the
myocardial tissues which allows development of the
heart lesions, and why the restored or maintained lev-
els of mevalonate suppress or block the development of
these lesions.
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The mechanism underlying the hypolipemic effect
of perfluorooctanoic acid (PFOA), perfluorooctane sulphonic -
acid (PFOSA) and clofibric acid
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The influence of the peroxisomal prolifsrators perfluorooctanoic acid (PFOA), perfluorooctane sulphonic acid (PFOSA) and
clofibric acid on lipid metabolism in rats was studied. Dietary treatment of male Wistar rats with these three compounds resylted
in rapid and ion in both choleste d_triacviglycerols in serum. The concentration of liver triacylglycerols
was increased by about 300% by PFOSA. Free cholesterol was increased by both perfluoro compounds. Cholesteryl ester was
reduced to 50% by PFOSA as well by clofibrate. In hepatocytes from fed rats, all the compounds resulted in reduced cholesterol
svnthesis from acetate. pyruvate and hvdroxymethy! glutarate, but there was no reduction of synthesis from mevalonic acid. The
Qxidation of palmitate was also increased in all groups. The perfluoro compounds, but not clofibrate, caused some reduction in
fattv acid svnthesis. The activity of liver HMG-CoA reductase was reduced to 50% or less in all treatment groups and all three
compounds led to lower activity of acyl-CoA :cholesterol acyltransferase (ACAT). Changes in other enzymes related to lipid
metabolism were inconsistent. The present data suggest that the hypolipemic effect of these compounds may, at least partly, be
mediated via a common mechanism; impaired production of lipoprotein particles due to reduced synthesis and esterification of

cholesterol together with enhanced oxidation of fatty acids in the liver.

Introduction

Many hypolipemic drugs cause proliferation of per-
oxisomes and iucrease the activity of the peroxisomal
B-oxidation in rats [1-3). Chemically, these drugs con-
stitute a heterogeneous group including clofibrate, tib-
ric acid, niadenate and long-chain acylthioacetic acids,
tiadenol, long-chain thia acids and MEDICA 16 [1-6].
It has been suggested that the increase in the fatty
acyl-CoA oxidizing system contributes to the hy-
polipemic effect of these drugs [7,8]. The dominating
mechanism underlying reduction of serum triacyl-
glycerols and cholesterol by these drugs is, however,
uncertain. Other mechanisms which may be important
for the hypolipemic effect include; reduced hepatic
synthesis of fatty acids and cholesterol [9-12]; reduced

Correspondence 10: @. Spydevold. Institute of Medical Biochemistry.
P.O. Box 1112, Blindern, N-0317 Oslo. Norway.

Abbreviations: PFOA, perfluorooctancic asié: PFOSA. perfluorooc-
tane sulphonic acid: ACAT. acyl-CoA: chuiesterol acyltransferase;
HMG. hydroxymethyl glutaric acid: T A, teira-decylthioacetic acid;
VLDL. vcry-low-dcx_‘laily lipoproteins.

triacylglycerol release by the liver [13,14); increased
rate of VLDL degradation [6]; increased uptake or
reduced release of fatty acids by adipose tissue [15,16]
and increased excretion of cholesterol into bile and
feces [17].

Ikeda et al. [18,19] observed that perfluorooctanoic
acid (PFOA) and perfluorooctane sulphonic acid
(PFOSA) efficiently induced the peroxisomal B-oxida-
tion in rats that were fed these compounds (0.02% in
the diet). Just et al. [20] reported that the perfluorocar-
boxylic acids alter hepatic lipid metabolism and reduce
serum lipid levels showing that these compounds also
belong to the group of peroxisomal proliferators with
hypolipemic effect. The perfluorinated compounds are
particularly interesting since they obviously are not
subject to ordinary metabolic modifications. The ef-
fects of these compounds must, therefore, be due to
effects of the compounds per se. .

Peroxisomal inducers may bring about the hy-
polipemic effect by affecting different steps in lipid
metabolism. However, it seems likely that, some impor-
tant steps in lipid metabolism are common targets for
these compounds. The unphysiological character of the
perfluoro compounds makes it possible that their effect
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on lipid metabolism follows a pattern that would make
it easier to understand possible mechanism for the
lipid reduction effect of pcroxisomal prolifcrators.

In the search for a possible common mechanism
underlying the hypolipemic effect of peroxisomal in-
ducers, we have compared hepatic fatty acid metabo-
lism, cholesterol synthesis and the activities of enzymes

related to these metabolic processés in the liver of rats = =~

fed perfluorooctane sulphonic acid (PFOSA), perfluo-
rooctanoic acid (PFOA) and clofibrate.

Methods and Materials

Animals

Male Wistar rats were used. They were divided into
five groups. One group was allowed normal food ad
libitum (control rats). Three other groups were given
food which contained 0.3% clofibric acid, 0.02% per-
fluorooctanoic acid or 0.02% perfluorooctane sul-
phonic acid, respectively. The diets were prepared by
soaking standard food (in pellet form) in diethylether
in which the compounds had been dissolved. The fifth
group was restricted in food intake to that consumed
by the PFOSA group. The stock diet was used for
these paired feeding experiments. The average body
weight when the experiments started was 269 g and the
average daily food consumption per rat in the different
groups were; control: 23.7 g, clofibrate: 23.1 g, PFOA:
22.7 g, PFOSA: 20.0 g.

Maierials

[2-1*C)Mevalonic acid, [1-"*Clpyruvic acid and [2-
14Clpyruvic acid were from New England Nuclear.
[1-*Clacetic acid was obtained from Amersham (UK).
Clofibrate was from Fluka (Buchs, Switzerland). Per-
fluorooctanoic acid was purchased from Aldrich-
Chemie (Steinheim, Germany) and Perfluoro-octane
sulphonic acid was from Fluorochem (Old Glossop,
UK). Other chemicals were from Sigma (St. Louis,
MO, USA).

TABLE 1

Preparation of hepatocyies

The effects of dietary treatment were studied in
hepatocytes isolated from rats fed the dicts for 1 week
and for the study of direct effects of the compounds,
hepatocytes were isolated from rats fed the standard
diet. Isolation of hepatocytes was performed by perfu-
sion with collagenase, according to Berry and Friend
[21], with the modifications described by Seglen [22).

Oxidation of palmitate and conuersion of labelled sub-
strate into lipids

Fatty acid oxidation was measured according to
Christiansen et al. {23] with 0.5 mM palmitate as sub-
strate. Fatty acids and cholesterol synthesized from
radioactive precursors were extracted from the cell
suspension after 90 min incubation. The reaction was
stopped by the addition of 5% saturated KOH in
ethanol and the mixture was heated at 90°C for 1 h.
The nonsaponifiable lipids were extracted with
petroleum ether. The suspension was then acidified
with HCl. The extracts were evaporated to dryness and
the radioactive lipid residue was dissolved in 100 ul
hexane. The lipid extracts were chromatographed with
hexane / diethyl ether/acetic acid (80:20:1) on silica
gel thin-layer plates. The spots corresponding to
cholesterol and fatty acids were identified by standards
and were then isolated for measurement of radioactiv-
ity.

Enzyme assays and measurements of DNA, protein and
lipids

Pyruvate dehydrogenase was estimated by measur-
ing the '“CO, liberated when hepatocytes were incu-
bated with 5 mM [1-*C]pyruvate for 30 min at 37°C.
Acetate thiokinase was measured as described by Jones
and Lipman {24]. Liver microsomes were prepared
according to Easom and Zammit [25], and HMG-CoA
reductase was measured according to Drevon et al.
[26]. CDPcholine : 1,2-diacylglycerol cholinephospho-
transferase, EC 2.7.8.2 and lysolecithin acyltransferase

Body and liver weights and liver lipid content in rats fed different diets for 7 days

Clofibrate was given as 0.3% (w,w) and PFOA and PFOSA as 0.02% in the dict. Values are given as means + S.E. There were four observations
in each group. Fisher's P-values are given; * P < 0.05; **P < 0.01 vs. control group.

Control Clofibrate PFOA PFOSA Stock.diet
- limited fed
Body weight (g) 305 =2 298 =3 X8 6" 215 + 6°%° 82 7t
Liver weight (g) 113 +04 16.1+08 ** 188 = 0.7~ 15907 =*
Liver triacylglycerols (umol /g lver) 4.1 +05 4.0 0.7 39=03 138 218" 4.1=06
Liver non-esterified cholesterol (zmol /g liver) 44 =04 45 #0323 6.5=04" 76 £ 03"
Liver cholesterol ester (umol /g liver) 0.58 £0.08 024+002 " 027« 0.03*




(EC 2.3.1.23) was mcasured as described by Parthasar-
athy et al. [27). Acyl-CoA :cholesterol acyltransferase
(ACAT) was measured according to Rustan et al. [28]
and the synthesis of phosphatidylserine, phos-
phatidylethanolamine and phosphatidvicholine was
measured as described by Vance {29]. Other enzymes
were measured as described earlier {30). DNA was
measured by the method of Labarca and Paigen [31]
and protein was estimated by the biuret method or by
the method of Lowry et al. [32].

Liver lipids were extracted with chloroform/
methanol (2:1, v/v). Triacylglycerols was determined
directly on the dried extract with a kit method (Nyco,
Oslo, Norway). Free and esterified cholesterol was
determined by Nycotest kit method for cholesterol
(Nyco) after separation of the extract on thin-layer
chromatography. Serum cholesterol and triacylglycerols
was measured directly by the kit methods.

Results

Table 1 shows that 0.02% PFOA or PFOSA in the
diet resulted in a lower body weight after 7 days of
feeding as compared with the control group. The clofi-
brate diet (0.3%) did not affect the rat weight. The
group with restricted food intake to that of the PFOSA
group had about the same weight as the PFOSA group.
All the compounds resulted in a 40-60% increased
liver weight. Similar effect on the liver weight has been
observed earlier in rats fed clofibrate [9,10,33].

Changes in serum and liver lipids by clofibrate, PFOA
and PFOSA

Fig. 1A shows that all three diets significantly re-
duced serum cholesterol. In all treatment groups,
cholesterol was significantly reduced (to 50-70% of
control) after 24 h. Dietary treatment for 2 weeks
resulted in further cholesterol reductions by 70% or
more. In agreement with other observations, fasting for

2 days did not bring about significant cholesterol
changes.

TABLE I
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Fig. 1. Effect of clofibrate, PFOA and PFOSA on the serum lipids.
(A) Cholesterol; (B) triacylglycerols; a . fasted: ®, 0.3% clofibrate;
a, 0.02% PFOA: m.0.02% PFOSA. The data represent mean+S.E.
: of four observations. :

Fig. 1B shows the effects of clofibrate, PFOA and
PFOSA on triacylglycerols in the rat serum. None of
the compounds resulted in significant changes after 1
day of treatment. After 7 days, clofibrate and PFOA
resulted in reduction to about 60% of control value
and no further reduction was obtained with further
treatment. PFOSA reduced triacylglycerols to about
50% and 30% of control value after 1 and 2 weeks of
treatment. The significant reduction obtained by fast-
ing for 2 days was as expected. In the rats fed stock
diet but restricted to that consumed by the PFOSA
group, the serum triacylglycerols was 2.43 £ 0.13 mM
after 1 week of treatment (not shown) which is not
significantly lower than observed in the control group
(fed stock diet ad libitum). :

Table I shows that PFOSA increased the liver tri-
acylglycerols content to more than 3-times the control
value. This effect of PFOSA on triacylglycerols was
clearly in contrast to the effect of clofibrate and PFOA
which did not affect the content of triacylglycerols and
clearly indicates that PFOSA inhibits the excretion of
triacylglycerols from the liver. Both PFOA and in par-
ticular PFOSA increased the liver content of non-
esterified cholesterol. In contrast to this, a significant

Conversion of labelled substrates into '* C-labelied cholesterol by hepatocytes of rats fed different diets for 7 days

Clofibrate was given as 0.3% (w,/w) and PFOA and PFOSA as 0.02% in the diet. The concentration of (2-1*C)mevalonate and [3-'*Clhydroxy-
methylglutarate was 0.5 mM. Incubations with [1-'*Clacetate and [2-1Clpyruvate were conducted with S mM of the labelled substrates and
included also unlabelied glucose (10 mM). Values are means £ S.E. There were four observations in each group. Fisher's P values are given

* P <005 **P<00I1

Substrate Formation of *C-labelled cholesterol (nmol substrate carbon-mg DNA™!-h™1)

control clofibrate PFOA PFOSA
{1.""ClAacetate 1476+ 214 $9 + 13°** 376+ 165* 21247 74 %"
2.14CPyruvate 782+ 146 46 + 95*° 352+ 97°* 265+ 54°**
3- " CliHydroxy-methyiglutarate 179« 33 36+ 09°** e+ 13°*° 50+ 11°**
2."CMevalonate 2280 =150 2160 +280 1730 +£240 2030 +310
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TABLE I

Conversion of labelled subsirates into " C-labelled fatty acids and

axidation of [U-'Clpalmitaic by hepatocyies of rats fed different diets
for 7 days

The concentrations of compounds in the diet and the concentrations
of [1-'*Clacetate and [2-"*Clpyruvate were as described in Table 11.
The concentration of [U-"Clpalmitate was 0.5 mM. Values are
means = S.E. There were 4 obsenvations in each group. Fisher's P
values are given: * P <0.05; ** P < 0.0! vs. control group.

TABLE IV

Conversion of [1-'acetatc into " C-labelled fatry acids and choles.
terol by hepatocyies in the presence of hypalipemtic compounds

The concentrution of [i-'*Clacetate was § mM and the incubations
also included 10 mM glucose. Each incubation flask contained 4 mp
cell protein and 1.5% albumin in 3 ml Krebs-Henscleit bicarbonate
buffer. The concentration of hypolipemic compounds was 1| mM.
Values are means+ S.E. There were four observations in each group.
Fisher's P values are given ** P <0.01 vs. centrol group.

Substrate

14C-Labelied fatty acid formation Addition Formation of Formation of
(nmo} substrate carbon-mgDNA~!-h~1) 14C.labelled 1 C.labelled
control clofibrate PFOA PFOSA cholesterol fatty acid
[I“ClAcetate 252228 180=28  90=54° 104% 28 =~ (nmol substrate carbon mg DNA™"-h~")
{2-'*CJPyruvate 221+2] 322=23"° 182+55 128+ 21* None 114 + 8 313 +14
. . ' TTA 14+ 007 ** 75+ 13%**
[U-'“CJPaimitate ?xx.dauon e Clofibric acid 57 = 0.7%* 243 + 8°*
(nmol substrate ONdIZCd‘mﬁDNA h~™") PFOA 63 +11 == 611 + 20 "
control clofibrate PFOA PFOSA PFOSA 65 + 7** 1908 +29**
502+50 726=36" 564+63 861 +102 *

reduction (to approx. 50%) in esterified cholesterol in
the treated rats (PFOA-treated rats not measured) was
found.

Conversion of labelled substrates into cholesterol by hep-
atocytes of rats fed different diets

Table II shows the incorporation of labelled carbon
atoms from differently labelled acetate, pyruvate,
mevalonate and hydroxymethylglutaric acid (HMG).
The major point emerging from this table is that the
rate of cholesterol synthesis was significantly reduced
from all substrates which are proximal to the HMG-
CoA dehydrogenase step in all treatment groups. In
contrast, cholesterol synthesis from mevalonate was
not reduced in any of the groups.

Table III shows the synthesis of fatty acids from
pyvruvate and acetate. Both PFOA and PFOSA treat-

TABLE V

ment reduced lipid synthesis (not significant from pyru-
vate in the PFOA group). No reduction in fatty acid
synthesis was found in hepatocytes from clofibrate-
treated animals. The table further shows that the per-
oxisomal inducers, as expected, resulted in an in-
creased rate of palmitate oxidation (although PFOA
did not result in a significant increase). The experi-
ments do not exclude the possibility that intracellular
content of the tested compounds might have a direct
(reversible) effect on fatty acid and cholesterol synthe-
sis in vivo. Such effects could have escaped our detec-
tion since the compounds might have been washed out
during the cell isolation procedure. To test possible
direct inhibitory effects of these drugs, the synthesis of
fatty acids and cholesterol in hepatocytes with addi-
tions of the compounds to the incubation medium were
performed (Table IV). The table shows that 1 mM of
clofibric acid, PFOA and FPOSA inhibited the choles-

Activity of enzymes related 1o the synthesis of cholesterol and fatty acids in liver of rats fed different diets for 7 days

The concentrations of compounds in the diet were as described in Table 1. Values are given as means + S.E. There were four observations in

each group. * P <0.05; *"* P <0.05; ** P < 0.01 vs. control group.

Enzyme Activity (umol-(mg DNA~!-min~!)
control clofibrate PFOA PFOSA
Pyruvat dehydrogenase 0.59+0.05 0.58+0.04 042+ 0.08 036+ 004 *
Citrate synthase 0.97+0.12 0.94 +0.06 080+ 0.05 1.10+29
ATP-citrate lyase 1.54+£0.34 0.78+0.38 0.75+17 * 024+ 0.06 **
Acetate thiokinase 8.7 £0.64 57 £0.85 35 £ 05°** 57 » 028**
Malate dehydrogenase (NADP) (decarhoxylating) 0.36 £0.05 0.83+005*" 134 005** 0.21+ 0.01
Malate dehydrogenase 27.1 +£3.2 184 +£24° 207 + 26 19.6 + 3.0
Glucose-6-phosphate dehydrogenase 0.50+0.10 0.17+003 * 0.3+ 004 * 11+ 0.01**
Isocitrate dehydrogenase (NADPY 244 +0.35 2.7 +0.56 273+ 019 325+ 013
{amol-ug protein~'-min~"')
HMG-CoA reductase 0.31+0.03 0.16+ 0.0 * 0.152008 = 0.11=0.01*"




tcrol synthesis to the same extent (approx. 50%). Sur-
prisingly. tetradecylthioacetic acid (TTA). another in-
ducer of pcroxisomal B-oxidation with hypolipemic ef-
fect in rats [3.4). almost completely inhibited choles-
terol synthesis. The pronounced inhibitory effect of
TTA on the fatty acid synthesis observed by Skrede ct
al. [34] was also confirmed. Clofibric acid reduced the
fatty acid production by about 209%. However, a direct
inhibitory effect on the fatty acid synthesis is not a
property shared by all the tested compounds. Both
perfluorinated compounds unexpectedly stimulated the
rate of fatty acid synthesis strongly. It is unlikely that
this was due to an inhibition of Krebs cycle with a
concomitant increase in lipogenic precursors, since
these compounds inhibited the cholesterol synthesis. It
seems more likely that the compounds stimulate a
rate-limiting enzyme, e.g., acetyl-CoA carboxylase. At
lower concentrations (0.5 and 0.1 mM), there were very
small inhibitory effects of clofibric acid, PFOA and
PFOSA (data not shown).

Enzymes related to the synthesis of cholesterol and fatty
acids from pyruvate and acetate

Table V shows that pyruvate dehydrogenase, citrate
synthase and acetate thiokinase were only slightly af-
fected by treatment with the three compounds. ATP-
citrate lyase activity was reduced to about 15% of
control values by PFOSA. PFOA reduced the activity
of this enzyme significantly to 50%. The effect of the
compounds on three NADPH-generating enzymes
shows a remarkable pattern. All three compounds sig-
nificantly reduced the activity of glucose-6-phosphate
dehydrogenase. PFOSA reduced the activity to 20% of
control values. In contrast, isocitrate dehydrogenase
was unaffected by all three compounds. The activity of
malic enzyme was increased 2- and 3.5-fold by clofi-
brate and PFOA, respectively. Malate dehydrogenase,
which is not specifically involved in lipid synthesis, was
virtually unchanged by any of the compounds. The

TABLE VI
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activity of HMG-CoA reductasc. the rate-limiting and
regulated step in cholesterol synthesis, was reduced (o
50% or less in all three treatment groups.

Enzymes related to the synthesis of cholesteryl ester and
phospholipids in rats fed different diets

Table VI shows that acyl-CoA: cholesterol acyltrans-
ferase (ACAT), was significantly downregulated by all
three compounds. PFOSA, which had the strongest
effect, reduced the activity to one third of control. The
downregulation of this enzyme is in keeping with the
reduction of liver cholesterol ester (Table 1). The tabie
further shows that the activities of two enzymes impor-
tant in the phopholipid turnover, acyl-CoA :1-acyl-
glycero-3-phosphocholine acyltransferase and CDP-
choline : 1.2-diacylglycerol cholinephosphotransferase,
were not significantly altered in the rats fed any of the
hypolipemic drugs. The activity of phosphatidylserine
synthase, phosphatidylethanomaline synthase and
phosphatidylcholine synthase were also unaffected by
any of the dietary regimes utilized (not shown).

Activities of enzymes related to phospholipid synthesis in
the presence of hypolipemic drugs

Table VII shows that at 0.5 mM clofibric acid had
little effect on activities of the enzymes listed in the
table. The five enzymes were all inhibited by both
perfluorinated. compounds. PFOA had a particular
inhibitory effect on phosphatidylserine synthase activity
which was reduced to 18% of normal with 0.5 mM
PFOA. PFOSA had strongest inhibitory effect on the
activity of CDP-choline : 1,2-diacylglycerol cholinephos-
photransferase, phosphatidylserine synthase and phos-
phatidylethanolamine synthase, which were reduced to
14%, 13% and 28% of control, respectively with 0.5
mM PFOSA. At lower concentration (0.1 mM) the
inhibitory effects of the perfluorinated compounds were
very moderate {data not shown). Clofibric acid had no
significant effect at 1 mM concentration.

Activity of enzymes related 10 synthesis of cholesteryl esters and phospholipids in livers of rats fed hypolipemic drugs for 7 days

The concentrations in the diet were as described in Table 1. Values are given as means = S.E. There were four observations in each group.

** P < 0.01 vs. control group.

Enzyme Control

Clofibrate

PFOA PFOSA

Acyl-CoA Cholesterol
acyltransferase (ACAT)
(nmol/mg protein per min)

Acyl-CoA : 1-acviglycera-3-
phosphucholine acyltransferase

(nmol . mg protzin per mind 40> 1.3

CDP-choline : 1.2-diacyiglycerol
cholinephosphotrunsferase

{(nmuol, mg protein per min) i+ 13

427 =18**

323 +39°** 237 x41°%°

118+ 1.8

To= 07 Ko+ 1.0
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TABLE VI

Activitics of ensvmes related 1o phospholipid synthesis in the presence
of hypolipemic drugs

Concentrated solutions (10 mM) of clofibric acid. PFOA and PFOSA
in DMSO were diluted 10 0.5 mM final concentration in assay system
(The controls were udded the same amount of pure DMSO.) The
effect of the drugs on each of the enzvmes were tested four times
and in each of the experiments. the activities were calculated as per
cent of the control value. Values are given as means+ S.E.

Control Clofibric PFOA PFOSA

acid

Acyl-CoA lysophosphatidyl

transferase 100 N=6 56+7 61%5
CDP-choline : 1.2-diacylglycerol

cholinephosphotransferase 100 95+5 71+2 14406
Phosphatidylserine synthase i00 101=9 18+4 13+14
Phosphatidylethanolamine

synthase 100 101+3 47+5 2842
Phosphatidylcholine synthase 100 893 47+5 4843

The effect of the compounds on the activity of
ACAT was tested only at 100 xM and with this con-
centration the ACAT activity was unaffected by the
compounds (not shown).

Discussion

Reduction of the steady-state levels of serum lipids
may be visualized as the result of downregulation of
lipid synthesis or increased clearance from plasma. The
aim of this study was to evaluate the effects of three
different peroxisomal proliferators on a series of en-
zymes involved in hepatic lipid synthesis. The most
important observations with all three compounds was
downregulation of HMG-CoA reductase, the rate-
limiting enzyme of cholesterol synthesis and of choles-
terol esterification enzyme (ACAT). The agreement
between the observed alterations in the enzyme activi-
ties and production of cholesterol and lipids in intact
liver cells provides some support for the assumption
that such enzyme measurements do reflect real changes
in metabolic activity in the intact organ and shed light
on the mechanism of the hypolipemic effects of the
agents investigated in this study. These compounds do
not show a correlated effect on the lipogenic and
cholesterogenic pathways in the in vivo experiments.
The in vitro experiments indicate that there are direct,
presumably reversible, effects on these pathways. These
effects are different than those observed after dietary
manipulation. The latter probably represent changes in
enzyme concentrations since, at least, the changes in
the cholesterogenic pathway are correlated with the
changes in HMG-CoA reductase.

The perfluorinated compounds utilized in this study
are strong local irritants. The observed actions should
not be rcgarded as mere unspecific toxic effects since,

in addition to reduction of the activity of some enzyme
systems, thesc compounds incrcase the activity of other
enzymes, ¢.g., cnzymes of the peroxisomal fatty acid
B-oxidation system [18.19]. However, loca! irritation
may explain the reduction of food intake and slower
weight increase observed after feeding perfluorinated
compounds. However, this probably contributes little

.to_the reduction in serum triacylglycerols, since no

significant reduction was observed in rats with re-
stricted food intake. Increased liver weight correlates

well with earlier studies on peroxisomal proliferators
[35,36).

Cholesterol and fatty acid synthesis

The reduction of cholesterol svnthesis from differ-
ent labelled substrates fits well with the reduced activ-
ity of HMG-CoA reductase observed in this study.
Three substrates, proximal to the reductase step, were
incorporated into cholesterol at a reduced rate whereas
no reduction from mevalonate was observed in any of
the treatment groups. Lowering of HMG-CoA reduc-
tase levels by clofibrate is in accord with other observa-
tions [9,37,38]. Even though the three compounds tested
in this study reduce the HMG-CoA reductase activity,
this effect may not be a characteristic of all peroxiso-
mal inducers. MEDICA 16, another compound in this
group, does not act via an effect on this reductase
[12,39], but rather inhibits the synthesis of cholesterol
at a step distal to HMG-CoA reductase. Our observa-
tions with clofibrate are at variance with the data
obtained by Azarnoff et al. {10] who found that choles-
terol synthesis from mevalonic acid was reduced in
livers of rats fed clofibrate.

In contrast to the inhibitory effect of MEDICA 16
on ATP-citrate lyase [39], clofibric acid, PFOA and
PFOSA had essentially no direct effect on ATP-citrate
lyase at 1 mM (data not shown), but the drugs down-
regulated the enzyme after dietary administration. This
effect may contribute to reduced synthesis of choles-
terol in vivo, since the enzyme is important in the main
pathyway for cholesterol precursor synthesis. It is inter-
esting that all three compounds reduced one of the
NADPH generating enzymes (glucose-6-phosphate de-
hydrogenase), while isocitrate dehydrogenase (NADP)
was unchanged. Reduced capacity for NADPH genera-
tion can therefore hardly contribute to reduction in
serum lipid levels.

The synthesis of fatty acids from acetate or pyruvate
was not reduced in hepatocytes from rats fed clofibrate
(Table 111), but was significantly reduced in the hepato-
cytes from rats fed PFOSA. The reduced rate of fatty
acid synthesis in the PFOA and PFOSA groups is
probably not related to reduction in scrum triacyl-
glycerols. In rats fed PFOSA. there ‘was accumulation
of liver triacylglveerols. The luck of reduction of fatty
acid synthesis by clofibrate suggests that other pro-



cesses in lipid metabolism must be more essential for
the hypolipemia. Tomarelli et al. [40] found increased
svnthesis of lipids from acetate in rats fed clofibric acid
and also in rats fed the very potent hypolipemic com-
pound WY-14.643.

Synthesis of cholesteryl ester and phospholipids

Liver exports lipids to other organs mainly as VLDL
particles. In addition to apolipoproteins. triacyl-
glycerols and free cholesterol, these particles consist
mainly of esterified cholesterol and phospholipids.
Hence, reduced hepatic synthesis of these components
might lead to reduced transport of lipids from the liver.

The hepatic content of cholesteryl ester was reduced
both in clofibrate and PFOSA fed rats (PFOA fed rats
were not tested) even where free cholesterol was not
reduced (Table I). Similar effect was obtained by Avig-
nan et al. [41] with the hypolipemic drug MER-29.
Reduced cholesteryl ester production is most likely a
result of downregulation of the ACAT activity which
was observed in all treatment groups. A direct in-
hibitory effect on the enzyme by the compounds is
probably of less importance since 100 uM of the com-
pounds did not affect the enzyme activity (higher con-
centrations were not tested). Vance {29] argued that
synthesis of phospholipids may be limiting for lipopro-
tein synthesis. In this study, we have not observed any
downregulation of enzymes involved in the synthesis or
metabolism of phospholipids. We have observed only
small direct effects of clofibric acid on these enzymes.
It seems likely, however, that reduced phospholipid
synthesis plays a role in the lipid-reducing effect of the
perfluorinated compounds, since these had direct in-
hibitory effect on several important enzymes.
Parthasarathy et al. [27] suggested from their studies
that inhibition of phosphatidyl-choline svnthesis, par-
ticularly by the lysolecithin acyliransferase pathway,
may be related to a drug’s effectiveness in decreasing
serum lipids. We found that the transferase was mod-
erately inhibited by the perfluorinatéd compounds. We
also observed that this enzyme was virtually unaffected
by 0.5 mM (Table VII) and also by 1 mM of clofibric
acid. This agrees with the data reported by
Parthasarathy et al. [27]. Our data do not support the
hypothesis that reduced activity of lysolecothine acyl-
transferase plays a central role in the hypolipemic
effect of the compounds we have tested. Inhibition of
other enzymes of phospholipid synthesis may play a
role.

Reduced release of lipids from the liver

In carlier studics. it has been reported that clofi-
brate reduces the release of lipids from the liver [13.14).
A dircct cffect on the excrction process by clofibrate
was not confirmed by accumulation of liver triacyl-
glycerols in clofibrate-fed. nor in PFOA-fed animals. A
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reduced release of lipids from liver was probably an
effect of PFOSA. however, since the compound in-
creased liver triacylglycerols by about 200% in spite of
reduced rate of fatty acid synthesis (Table 1V).

Since interference with the synthesis of cholesteryl
ester may cause reduced hepatic lipid output [42), it
may be concluded that reduction in cholesterol synthe-
sis and esterification due to downregulation of HMG-
CoA reductase and ACAT together with enhanced
fatty acid oxidation in the liver, are effects caused by
clofibric acid as well as by the perfluorinated com-
pounds. This may reduce VLDL production by liver
which plays a central role after the postprandial chy-
lomicronemic period during which the liver is the dom-
inating organ for delivery of lipids to serum.

In addition, the different hypolipemic drug may act
by inhibiting the synthesis of other lipoprotein compo-
nents such as phosphatidylcholine [27].
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Developmental changes in the expression of genes involved
in cholesterol biosynthesis and lipid transport in human
and rat fetal and neonatal livers
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Cloned ¢cDNAs encoding 2 number of enzymes involved in cholesterol biosynthesis as well as extracellular and
intracellular lipid transport were used to compare the developmental maturation of these biologic functions in the fetal
and neonatal rat and human liver. The results of RNA blot hybridization analyses indicate that steady-state levels of rat
HMG-CoA synthase, HMG-CoA reductase and prenyl transferase mRNAs are highest in late fetal life and undergo
precipitous (up to 80-fold) co-ordinate reductions immediately after parturition. These changes reflect the ability of the
fetal rat liver to produce large quantities of cholesterol as well as the repression of this function during the suckling
period in response to exogenous dietary cholesterol. Striking co-ordinate patterns of HMG-CoA synthase, reductase
and prenyl-transferase mRNA accumulation were also observed in four extrahepatic rat tissues (brain, lung, intestine
and kidney) during the perinatal period. The concentrations of all three mRNAs in the 8-week-old human fetal liver are
similar to those observed throughout subsequent intrauterine development with less than 2-fold changes noted between
the 8th through 25th weeks of gestation. Analysis of the levels of human apo Al, apo All, apo B and liver fatty acid
binding protein mRNAs during this period and in newborn liver specimens also indicated less than 2—3-fold changes.

* These observations suggest that the 8-week human liver has achieved a high degree of biochemical differentiation with

respect to functions involved in lipid metabolism / transport which may be comparable to that present in 19-21 day fetal
rat liver. Further analysis of human and rat fetal liver RNAs using cloned ¢cDNAs should permit construction of a

developmental time scale correlating hepatic biochemical differentiation to be constructed between these two mam-
malian species. :

Introduction developmental alterations in the rate of incorporation

of radiolabeled acetate into sterols [2]. Bruenger and

Rilling [3] documented changes in the activities of two
M&s’tcr_qgg'g_e_nzymes in the developing rat
iver: squalene synthetase and prenyl transferase (or

Marked changes in the requirements for products
derived from isoprene (e.g. cholesterol) occur during
development. The enzyme which catalyzes the key.

rate-limiting step in cholesterol biosynthesis-micro- farnesyl/ pyrophosphate synthetase). Prenyl transferase
somal 3-hydroxy-3-methylglutaryl-CoA reductase is one of five enzymes that participate in the conversion

(HMG-CoA reductase)-undergoes large fluctuations
during rat liver ontogeny {1.2]. ¢ activity is hi

prior to birth, declines to low levels during the suckling
period(posinatal days 1-13) and demonstrates a_tran-
sient increase at weanung. Changes n its activity parallel

of mevaionate to squalene, the precursor of sterols.
Both squalene synthetase and prenyl transferase display
similar developmental activity profiles in rat liver: they
fall following birth, rise to a peak during the mid to late
suckling period (postnatal days 10-12). fall onge more

during the suckling-weaning transition reaching a nadir
by postnatal day 20. o i i ing

Currespondence: M.S. Levin, Deparument of Medicine, Washington
University School of Medicine, 660 South Euclid Ave., Box 8124, St.
Louis. MO 63110, US.A.

weaning. The mechanisms which result in these alter-
ations in enzyme activity may be quite complex as
illustrated by the fact that the mevalonate-mediated

0005-2760/89,/303.50 © 1989 Elsevier Science Publishers B.V, (Biomedical Division)



294

decrease in HMG-CoA reductase levels observed in
adult animals reflects decreuses in gene transcription as
well as increased rates of prowein degradation (4.3].

Little is known about the developmental history of
the activities of these enzymes in human fetal and
aconatal liver or about the ontogeny of expression of
genes involved in the traasport and metabolic processing
of lipids in this tissue. The rat liver provides a conveni-
ent reference for a comparative study of such develop-
mental changes. For example in addition to the infor-
mation about expression of cholesterogenic enzyme ac-
tivities. recent analyses of apolipoprotein gene expres-
sion in the developing rat liver indicate that a complex
pattern of activation cccurs during late fetal and early
neonatal life. Apolipoprotein Al and E mRNAs begin
to accumulate in this tissue plus its embryonic homo-
logue (the fetal yolk sac endoderm) between days 15-21
of the 2l-day gestation period [6~9]. Remarkable
increases in the levels of these mRNAs occur during the
suckling period as the animals adapt to the high fat
(principally triacylglycerol) diet of mothers milk [10,11].
By contrast, rat liver apo B mRNA levels reach a peak
by the 13th fetal day that is not exceeded at any time
during subsequent development {12]. Following birth,
hepatic apo B mRNA concentrations progressively fall
during the suckling and weaning periods [12]. This [fall
appears to be mediated by thyroxine [13). A third
pattern of activation is exhibited by the apo AIV gene
which remains dormant until the suckling weaning tran-
sition (days 13-14) when the rat liver begins to export
large amounts of triacylglycerol-rich lipoproteins (6].

We have begun a comparative analysis of the accu-
mulation of mRNAs encoding proteins involved in lipid
metabolism in the feral and neonatal human and rat
liver. A panel of cloned ¢cDNAs encoding apolipopro-
teins Al. All, and B. an intracellular fatty acid binding
protein as well as HMG-CoA reductase, HMG-CoA
synthase and prenyl transferase were used to char-
acterize the state of enzymatic differentiation of the
human fetal liver from weeks 8 to 25 of development
and in the newborn. The results indicate that these
mRNAs appear at an early phase of human fetal life
by week 8) and undergo only minimal (less than 3-fold
changes) in their concentration in total liver RNA dur-
ing the rest of intrauterine as well as early postnatal life.
This early expression of lipid metabolic capability con-
trasts with the mocre muarked changes in mRNA levels
observed in the perinatal rat liver.

Materials and Methods

Preparation of RNA from rut und human liver
Timed-pregnant, neonatal and young adult Sprague-

Dawley rats were obtained from Sasco (St. Louis, MO).

Weaned animals were maintained on a standard chow

diet ad libitum and a fixed 12 h (6:00 a.m. to 6:00 p.m.)
light cycle. Animals (7 =10-40 for each time point)
were killed between 1200 and 14CO h and their livers,
lungs. brains. kidneys and small intestines immediately
frozen in liquid nitrogen. Human fetal liver samples
from first and second trimester aborted fetuses were
obtained by Schwartz et al. [14] and maintained a:
—90°C for 15-20 years. Fetal age was estimated from
crown-rump lengths using nomograms developed by
Tanimura et al. [15]. Breitfeld and Schwartz (16] and
Michaelson and Orkin {17] have used these human feta;
liver samples previously to successfully prepare RNA
for in vitro translation. Additional human liver samples
were obtained from a preterm newbom and a full teer
newborn, both of whom died of acute respiratory failure
These were stored at —~90° C for about 15 years [14]. A
single adult liver specimen was procured from a male
organ donor who died of trauma and had no history o«
clinical evidence of hepatic dysfunction [18].

Total cellular RNA was extracted from frozen
pulverized tissues using the guanidine thiocyanate,
cesium chloride procedure [19]. RNA integrity was as.
sessed by denaturing, methylmercury agarose gel elec
trophoresis (20].

RNA blot hybridization studies

Dot blots were prepared by applying four amount
of each tissue RNA sample (0.5, 1, 2. and 3 pug) t
nitrocellulose filters as described in a previous publicz
tion {6]. Yeast tRNA was added to each tissue RN
sample prdor to denaturation so that the total RN:
input per dot was always 3 pg. Blots containing sample
of rat liver, intestine, kidney, brain and lung RNA wer
probed with *P-labeled. double-stranded cDNAs er
coding hamster HMG-CoA reductase (22}, rat HMC
CoA synthase [23]. and rat prenyl transferase [24]. D«
blots of human liver RNA samples were probed wi:
’2p.labeled cDNAs specifying human preproapo /£
{25], human preproapo AIl [26]. human preapo B [2°
human liver fatty acid binding protein [28]. hum:
a-fetoprotein [29], human HMG-CoA reductase [30). ¢
prenyl transterase and rat HMG-CoA synthase. Conc
tions selected for filter hybridization and washing a
listed in Ref. 12. These stringencies were equivalent
those used by others to produce specific interactio
between these cDNAs and their respective mRNAs. T
relative abundance of each mRNA in the tissue RN
preparations was determined by quantitative scanni-
laser densitometry of filter autoradiographs using :
LKB XL Ultroscan densitometer. Only signals in t
linear range of film sensitivity were utilized for caleu
tions of relative mRNA concentration.

Northern blots of total cellulac RNA were produC_
following electrophoretic  fractionation through
agarose gels containing formaldehyde [31}
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Results and Discussion

Accumulation of HMG-Cod synthase, HMG-Cod re-
ductuse und prenyvl transferase mRNAs in the developing
rut liver

Cloned cDNAs encoding HMG-CoA  synthase,
HMG-CoA reductase, and prenyl transferase were used
to probe dot blots of total cellular RNA prepared from
rat livers harvested during fetal days 16-21, the suck-
ling period (defined as the first 13 postnatal days, Ref.
32). the weaning phase (days 14-28) and from animals
proceeding through sexual maturation (postnatal days
35-70). Material was collected from 10 to 40 male and
female animals representing 1-4 litters at each develop-
mental stage studied. The results of our dot blot
hybridization analyses are preseated in Fig. 1 and show

Liver
HMG CoA Synthase

S

Prenyl Transferase

Densitometric Units

J!H

HMG CoA Reductase

W 24 35 70

Days of Development

Fig. 1. Developmental changes in rat liver HMG-CoA Synthase,
HMG-CoA Reductase and Prenyl Transferase mRNA levels. Total
cellular RNA was prepared from pooled rat livers (2 = 10-40 animals
per time poine). Cloned rat cDNAs encoding the three enzymes were
used to probe Jut blots containing four concentrations of each RNA.
The relative concentratioa of each mRNA was calculated based on
scanning laser Jensitometry of filter autoradiographs and expressed in
arbitrary Jensitometric units. Note that the specific activities of the
probes were not identical and therefore no comparisons caa be made
about the relative levels of each mRNA at a particular stage of liver
development.
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a remarkable similarity in the patterns of change of
each mRNA during rat fetal and neonatal development.
High levels are noted dyring late gestation. These fall
abruptly within 24 h after parturitioa reaching con-
centrations that are as much as 80-told lower than those
peak levels encountered prior to birth (e.g.. see the

. middle panel of Fig. | which shows changes in prenyl

transferase mRNA concentration). A transieat 2-4-fold
rise in HMG-CoA synthase and prenyl transferase but
not HMG-CoA reductase mRNA accumulation occurs
during the mid-suckling period (day 8) followed by yet
another rise during early adulthood. It {s important to
note that thus pattern of change 15 not a general phe-
nomenon in the developing rat liver. For example, when
the developmental profiles of apo Al, apo AIV and
L-FABP mRNAs were studied using these RNAs, quite
different ontologic changes were noted (see, for exam-
ple, Ref. 6). .

The developmental profile of rat liver HMG-CoA
reductase and prenyl transferase mRNAs parallel the
changes in the activities of these enzymes which have
been previously documented by several groups (3,33-35].
The corresponding activities of HMG-CoA synthase
have not been reported. The rat fetus obtains only
about 10% of the sterol required for growth and devel-
opment from its mother (36). Therefore. it is not surpris-
ing that very hugh levels of these mRNAs are observed
in rat fetal liver during the period surveyed. The highest
levels of apo B mRNA occur during the same phaseg of
rat liver development (i.c.. in late gestation) only to be
followed bv an abrupt. early postnatal drop [12]. This
provision for expressing the principal apolipoprotein
involved in cholesterol transport at a time of maximal
endogenous production emphasizes the co-ordinate na-
ture of these developmental changes in the fetal rat
liver.

The precise signals for the rapid postnatal fall in the
capacity of the livers of suckling rats to synthesize
chioTesterol are not known. [t may represent an adaptive
response {0 adWmmmmMol
delivered via mother's milk [3,33,37). Based on the RNA
biot hybridization data. it appears that the mechanism
involves at least in part a reduction in the steady-state
levels of mRNAs encoding these key enzymes in
cholesterol btosynthesis. The data do not allow us to say
to what extent such alterations reflect a change in gene
transcription or mRNA stability.

The changes observed in the levels of prenyl trans-
ferase mRNA during the late suckling through weaning
phases can be directly correlated with changes in the
levels of this enzyme activity {3]. By the 14th postnatal
day, HMG-CoA reductase activity in rat liver has fallen
1o nearly undetect; {36]. However, during this

second postnatal week, rises in preayl transfarase occur.

TRis rise cotncides with that exhibited by aoother en-
zyme involved in the mevalonate to squalene pathway-
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Fig. 2. Coordinate patterns of accumulation of HMG-CoA synthase. prenyl transferase. and HMG-CoA reductase mRNAs during lung. intestinal,
brain and kidney development. Touwl cellular RNA was isolated (rom pooled tissues harvested (rom 10-40 rats at each day of fetal and postnatal
life noted on the x-axis. Relative mRNA concentrations were determined by scanning dot blot autoradiographs and expressed in arbitrary
densitometric units. The only comparisoa which is permitted by this form of data expression is that which involves the same mRNA within a given



squalene synthetase. These changes in prenyl trans-
feruse and squalene synthetase activity do not corre-
spond to any known change in cholesterol synthesis.
Bruenger and Rilling (3] noted that since the primary
metabolic destination of isoprenoid precursors is
cholesterol, changes in the activities of these enzymes
may reflect as yet unknown developmental alterations
in the metabolic targeting of mevalonate to other com-
pounds (e.g.. dolichol and its derivatives, ubiquinones,
or isopentenyl tRNAs [38] and prenylated proteins [39)).
Although information about the activity profile of
HMG-CoA synthase during rat liver development has
not been documented in the literature, based on the
mRNA data presented in Fig. 1. its developmental
profile would be predicted to more closely resemble that
of prenyl transferase than HMG-CoA reductase. More-
over, the blot hybridization studies demonstrate for the
first time that there are co-ordinate developmental
changes in the levels of these three mRNAs encoding
enzymes involved in cholesterol biosynthesis.

Expression of the HMG-CoA synthase, HMG-CoA re-
ductase and prenyl transferase genes in extrahepatic tis-
sues during rat development

The remarkable similarity in the accumulation *pro-
files' of these three mRNAs observed during the peri-
natal period of rat liver differentiation was not unique
to this organ. This is illustrated in Fig. 2 which sum-
marizes results obtained from probing dot blots of lung,
small intestinal. brain and kidney RNAs prepared from
10-40 animals at each of as many as ten different stages
of development. Two obvious corclusions can be made
after inspection of the data. First. the timing and direc-
tion of developmental variation in relative mRNA con-
c2rFation was virtually identical for each species within
e@ Second. as in the liver, the highest con-
centration of each mRNA during lung. intestinal and
kidney development was ¢ncountered in the late and
early postpartum period with subsequent declines oc-
curring in the suckling and/or weaning phases. The
notable exception was brain where a progressive post-
natal rise in the concentratton of each mRNA occucred
that generally reached a peak tn the mid to lake suckling
pericd. Thus expression of the rat HMG-CoA synthase,
HMG-CoA reductase and prenyl transferase genes ap-
pears to be elaborately programmed to respond in a

similar temporal fashion both within and between dif- -

ferent tissues from late fetal life through the end of
weaning.

Accumulation of mRNAs encoding cholesterol biosynthetic
enzymes and lipid trunsport proteins in fetal, neonatal and
adult human liver

Fig. 3 provides the results of our analysis of develop-
mental changes in the concentration of the three
cholesterol biosynthetic enzyme mRNAs in human liver.
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A cloned human HMG-CoA reductase cDNA plus
c¢DNAs encoding rat HMG-CoA synthase and rat pre-
nyl teansferase were used for these studies. Since the
last two represent heterologous ¢cDNAs, a preliminary
experiment was performed. Northern blots of RNA
prepared from a human hepatocellular carcinoma cell
line (Hep G2) were probed with the rat cDNAs employ-
ing the same hybridization stringencies listed in Ref. 12
but the final wash temperature was reduced from 55°C
to 45°C. The results indicated that each rat probe
reacted with a unique human mRNA species-3.1 and
2.2 kb HMG-CoA synthase mRNA and a 1.2 kb prenyl
transferase mRNA (data not shown). These sizes are
comparable to those previously reported for the corre-
sponding rat mRNAs [23,40]. Dot blots of total cellular
RNA isolated from 8.5-25-week fetal livers (n=1-3
individuals per time point) plus two newborns and one
adult without evidence of liver dysfunction were then
prepared and probed with the three cDNAs using hy-
bridization and washing conditions established above.
As in the case of the rat liver RNA dot biots, multiple
concentrations (0.5-2 pg) of each human liver RNA
sample were included in the dot blots (see panel A of
Fig. 3).

Inspection of Fig. 3B reveals a relatively monotonous
developmental profile for all three mRNAs. By 8 weeks
of gestation these mRNAs have achieved steady-state
levels which do not change more than 2-fold during the
remaining 17 weeks of fetal life that were surveyed and
less than 3-35-fold when compared to the two newborn
and single adult RNA preparations. When there was an
opportunity to compare more than one sample at a '
given stage of human fetal development, remarkably
little individual variation was noted in the relative level
of a given mRNA.

This less than 2-fold change in cholesterogenic
mRNA levels during fetal life is not a general phenom-
ena. It contrasts with results obtained when these same
RNA preparations were probed with other cDNAs en-
coding proteins not involved in lipid metabolism. For
example. a control experiment which examined the levels
of a-fetoprotein mRNA disclosed the approx. 10-fold
reduction expected between first trimester liver and
liver harvested at the beginning of the last trimester (see
panels A and B of Fig. 3) [¢1]. In addition. a recent
study revealed marked changes in the levels of epsilon.
gamma and theta globin mRNAs as well as cerulo-
plasmin mRNA in the 10-25-week human fetal liver
RNA samples [42]. Moreover, the patterns of change of
these five different mRNAs were quite distinct from
one another.

There is little information about the activities of
these cholesterol biosynthetic enzymes during human
fetal development. However, the relatively monotonous
HMG-CoA reductase, HMG-CoA synthase and prenyl
transferase mRNA levels are compatible with observa-



298

A Prenyl Transfercse cONA
Gestgtional Age (weeks)

85 10 11 125 13 14 15 165 17 2! 25
20 0600 000 0.000°
®. 00
AT .

a - fetoprotein cONA
Gestational Age (weeks)

85 10 11 12513 14 (516517185 21 25

Sai T
-

T b ik

Liver RNA/dot (p9)
Liver RNA/dot(p:9)

1 0. 0 & &
Qs G_.i‘.A.‘f_’ ) RS- SR
R T T
newborn 6y ad

e- M4G CoA Synthase :':""‘" ot (& aoo

4> L3} ¢[
0 12 L] -
- 2P = 2
- O =t 0 VPR |+ S Lm0 e o
o 8- HMG CoA Reductase bt e e Aso ATl
f':; - x21 fgo-
€ Ll uzs 2l
I B TS R o W 2 I e e OO
s - Transt s 8-
3 : Preayt erase i o ° .Apo!
I TR
g* mmﬁ—:rﬁﬂmrzﬁ&?_ s Ol peinme
—— T L 1Y D 13 L] ] n T Y L4 LA L 3
'E .r . [] a-Fetoprotein E er L-FABP

4 HE) . 4

LOfim L, Lt omom

(85 10-12 13-14 16-18 21 25 New- A
Fetal Age (weeks)

L85 10-12 13-14 16-18 21 25, New- Acult
Born
Fatal Age (weeks) .

Fig. 3. Developmental changes in the concentration of mRNAs encoding cholesterogenic enzymes in samples of human fetal liver. cDNAs encoding
human HMG-CoA reductase plus rat HMG-CoA synthase, rat prenyl transferase (plus human a-fetoprotein) were used to probe dot blots
containing several concentrations (0.5-2 xg) of each human liver total cellular RNA sample. Fetal age is based on crown-rump leagths [15]. Fetal
age is based on crown-rump lengths (15). Note that the two 14-week samples came from separate fetuses (see the key defining the symbol ascribed
to each RNA preparation). Panel A displays representative dot blots prabed with % P.labeled prenyl transferase and a-fetoprotein cDNAs. Panet B
presents developmental profiles of mRNAs encoding the three cholesterol biosynthetic enzymes and a-fetoprotein. As in Fig. 1 arbitrary
densitometric units were used 1o express mRNA levels. No conclusions can be made about the relative concentrations of each of the four mRNAs
in a liver RNA sample prepared at a particular developmental stage.

Fig. 4. Developmenual profile of human liver mRNAs specilying proteins involved in lipid transport. Blots prepared with the same fetal, neonatal
and adult human liver RNA samples as those used to generate the data shown in Fig. 3. were probed with **P-labeled cloned ¢cDNA specifying
human apulipoproteins apo Al apo All. apo B. and liver fatty acid binding protein { L-FABP),

tions made by Carr and Simpson [43] that only slight
alterations occur in the rate of cholesterol synthesis in
the developing human fetal liver. (This rate was esti-

mated to be approx. 9 mg/day during the 18th week of
gestation.)

When the levels of other mRNAs encoding proteins
involved in lipid transport were examined in human
fetal liver, similar *flat’ developmental profiles were
observed (Fig. 4). mRNAs specifying the two principal
human HDL apolipoproteins, Al and All, plus the

principal protein component of LDL, apo B, achieve
steady-state concentrations by 8 weeks of gestation that
are similar to those documented during weeks 10-25
and in term infants. Variations were less than 2-fold in

all cases. Moreover, the mRNA encoding liver fatty acid

binding protein LL-FABPJ._a_;_mnlenphsmic-p‘Otei'n
believed to partici j ic

processing ol exogenous fatty acids (reviewed in Ref.
44). displays a similar lack of change in its concentra-
tion during this period (Fig. 4). Together these data

v |



suggest an early biochemical maturation of the human
* fetal liver with respect to its capacity for cholesterol
synthesis and lipid transport.

Differentiation of the human and rut fetal liver

There are very few studies which have provided
information about the biochemical maturity of human
liver from midgestation to term. so it is very difficult to
put our data concerning expression of genes involved in
lipid metabolism in any sort of comparative metabolic
context at the present time. Greengard has conducted
an extensive analysis of the literature dealing with en-
zymatic differeatiation of human and rat liver [45]).
Although the data for human are both limited in the
number of.enzymes examined and the scope of the
analyses through fetal life. based on published reports
concerning approx. 30 enzymes it appears that most
liver enzymes exhibit significant quantitative differences
in their activities between the second trimester and
adulthood. For example, enzymes involved in synthesis
of DNA. pentoses. nonessential amino acids. as well as
glycolysis have activities in the actively growing fetal
liver which are different from those in the adult tissue.
n the few examples where developmental profiles are
available in fetal and newborn human and rat liver, it

p—

appears that enzyme activities change in the same direc-
fign in both mammalian species’ {43] although the tim-

ing of such changes has not been well enough char-
acterized to provide a comparative time scale for human
and rat liver differentiation. Comparison of our ob-
servations concerning human apo Al apo B and L-
FABP mRNA levels in total human fetal liver RNA
with previously published studies in rat liver [6.12.46]
suggests that the 8-12-week human fetal liver is at least
as well “differentiated” as the 19-21-day fetal rat liver
with respect to expression of these mRNAs. Further
studies. based on RNA hvbrdization techniques, should
prove valuable in establishing this comparative develop-
mental time scale for a variety of differentiated func-
tions.

One important caveat needs to be mentioned con-
cerning interpretation of these data. Total cellular RNA
prepared from fetal cat and human liver by definition
includes mRNAs from all cellular constituents in the
liver. These cellular populations undergo remarkable
changes during development. A limited number of
quantitative morphometric studies of human fetal liver
indicate that hepatic parenchymal cells account for
approx. 50-70% of its cellular population between the
Sth to 28th weeks of gestation with erythroid cells
representing $0-50% of fetal liver nuclei and granulo-
eytic precursors less than 10% [47]. In the fetal rat liver,
approx. 50% of liver cells are involved in hematopoiesis
just paor o parturition_with this number rapidly de-
Creasing 10 less than 5% by the end of the suckling
period [38] The consequences of these shifts in cell
—_—
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populations are obviously important when considering
regulation of gene expression in this tissue. For exam-
ple. the relatively constant levels of mRNAs encoding
proteins involved in lipid metabolism that were docu-
mented in total human fetal liver RNA during gestation
may ‘mask’ relatively dramatic changes in their con-

* centrations within a given cell type and/or changes in

their expression in different cell types. Therefore, it will
be very important to extend these analyses using in situ
hybridization and immunocytochemical techniques to
examine changes in the cell specific expression of these
genes in the fetal human and rat liver.
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3M SPECIALTY ADHESIVES & CHEMICALS ANALYTICAL LABORATORY
Request #’s 53030

To: Leo Gehlhoff - (309727) -3M Chemicals - 236-2A-01

From: Tom Kestner - (3-5633) SA&C Analytical Lab - 236-2B-11
Subject: Fluorochemical Isomer Distribution by " F-NMR Spectroscopy
Date: December 1, 1997

SAMPLE DESCRIPTIONS:

e FC-95, lot # 217 (T-6295); Nominal product = CgF}7-SOs(-) K(+)

INTRODUCTION:

This sample was subjected to a ’F-NMR spectral analysis method to determine the identities and relative
concentrations of the fluorochemical isomers and as many other identifiable impurity components as
possible.

EXPERIMENTAL:

A portion of the sample solid was totally dissolved in DMSO-ds and then a 376 MHz F-NMR spectrum
(F53030.401) was acquired using a Varian UNITYplus 400 FT-NMR spectrometer. Aida Robbins
prepared the sample for analysis and she also acquired and plotted the NMR spectrum.

RESULTS:

The "F-NMR spectrum was used to determine the identities and relative concentrations of the nominal
fluorochemical isomers and three other impurity components in this sample. The qualitative and
quantitative compositional results which were derived from the single trial "’F-NMR spectral analysis are
summarized in TABLE-1 on the following page.

A copy of the NMR spectrum and the spectral assignments data page are attached for your reference. If
you have any questions about these NMR results, please let me know. I apologize for the delay in
completing this work.

Tom Kestner

¢: Jim Johnson - EE&PC - 2-3E-09 File Reference: LG53030.DOC/43



December 1, 1997 SA&C Analytical Lab Request # 53030

TABLE-1
Sample: T-6295 (FC-95, Lot 217)
F.NMR Compositional Results
Structural Assignments PF-NMR Relative Mole% Concentrations
CF3(CF2),-SOs(-) K(+) 70.0%
(Normal chain, where x is mainly 7)
CF;(CF,),-CF(CF3)~-(CF2)y~ SOs(-) K(+) 17.0%
(Internal monomethy] branch,
where x+y is mainly 5, and x # 0, y # 0)
(CF3),CF~(CF2),- SOs(-) K(+) , 10.3%
(Isopropyl branch, where x is mainly 5)
CF2:1-CF(CF3)- SOs(-) K(+) 1.6%
(Alpha branch, where x is mainly 6)
R~CF,-SF4-F 0.35%
(CF3)sC-(CF2)x- SOs(-) K(+) 0.23%
(t-butyl branch, where x is mainly 4)
CF;~(CF2)-C(CF3);-(CF2),- SOs(-) K(+) 0.15%
(Internal gem-dimethyl branch, where x+y is mainly 4, and x = 0)
Possible CF3-SOs3(-) K(+) 0.25%
Possible CF3-COy(-) K(+) 0.05%






