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Hepatic Effects in Beagle Dogs Administered Atorvastatin,
a 3-Hydroxy-3-Methylglutaryl Coenzyme A
Reductase Inhibitor, for 2 Years*
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ABSTRACT

The chronic toxicity of atorvastatin (AT), an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase, was evaluated in beagle
dogs. Dogs were treated with 0, 10, 40, or 120 mg/kg of AT daily. Treatment lengths were 52 wk, 52 wk followed by 12 wk without
drug, or 104 wk. Decreases in cholesterol levels were dose related and stable throughout the treatment period. Increases in alanine
aminotransferase, aspartate aminotransferase, and alkaline phosphatase were transient and dose related in severity at =40 mg/kg. Two
dogs administered 120 mg/kg of AT daily were sacrificed moribund during the first 9 wk of treatment. Hepatic lesions were reversible
with or without continued treatment and dose related in severity and distribution. Hepatic microgranulomas and hepatocellular degen-
eration were seen at the 120-mg/kg dose in dogs sacrificed before 53 wk. Before 53 wk, hepatocellular lipofuscin deposits were
increased in dogs given =40 mg/kg of AT daily but were similar to controls after 12 wk without drug and after 104 wk of continuous
treatment. Bile stasis occurred in dogs given =40 mg/kg of AT daily at all time points but was less severe after reversal and at week

104 compared with week 52.
Keywords.

INTRODUCTION

Atorvastatin (AT) (CI-981, Lipitor®) is a potent mem-
ber of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors (HMGRIs). Endogenous bio-
synthesis in liver and intestine is the major source of
serum cholesterol, and conversion of HMG-CoA to L-
mevalonic acid, catalyzed by HMG-CoA reductase, is the
rate-limiting step in the cholesterol pathway. HMGRIs
effectively lower overall cholesterol levels, decrease low-
density lipoprotein (LDL) levels, and minimally increase
high-density lipoprotein (HDL) levels (26) and are con-
sidered important hypolipidemic and antiatherosclerotic
compounds in humans. AT, a highly substituted pyrrole,
has been shown to decrease LDL cholesterol in humans
(19) via upregulation of receptors for LDL (3). In addi-
tion to decreasing overall serum cholesterol levels in nor-
molipidemic dogs and rats (24, 31), HMGRIs prevent the
buildup of toxic sterol intermediates seen with inhibitors
that act later in the synthetic cascade (29).

Despite the fact that in the dog the major cholesterol
carrier is HDL and not LDL as in humans (32), the dog
is a reasonable animal model to study HMGRIs. In dogs,
HMGRIs lowered cholesterol levels and induced lentic-
ular opacities, sporadic transient increases in alanine and/
or aspartate aminotransferase, degeneration of vascular
endothelium in brain, and hyperplasia of gallbladder ep-
ithelium (2, 7). In subchronic studies (up to 13 wk), AT
induced hepatocellular degeneration, cholecystitis, skel-
etal muscle necrosis, and optic nerve demyelination at
doses =150 mg/kg (31). Because of these findings and
because treatment in humans is expected to be long-term,
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a long-term study in dogs was performed. This report
presents the findings in livers of dogs treated for up to 2
yr with AT.

MATERIALS AND METHODS

This study complied with U.S. Food and Drug Admin-
istration Good Laboratory Practice regulations and with
the National Institutes of Health and Animal Welfare Act
guidelines for animal welfare (18, 30). Full details of this
study will be reported elsewhere. Briefly, beagle dogs
were given 0, 10, 40, or 120 mg/kg of AT in gelatin
capsules daily (10 dogs/sex/dose). Chemically, AT is des-
ignated as 2-(4-fluorophenyl)-3,8-dihydroxy-5-(1-meth-
ylethyl)-3-phenyl-4-[(phenylamino)carbonyl]-1H-pyr-
role-1-heptanoic acid. At 52 wk, 3 dogs/sex/dose were
sacrificed and necropsied, and 2 dogs/sex/dose were with-
drawn from treatment. These latter dogs were sacrificed
and necropsied in week 64 to assess reversibility. The
remaining dogs were continuously treated daily for 104
wk before termination. In addition to routine hematology,
clinical chemistry, and urinalysis, lenses of one eye from
each dog were analyzed for protein, glucose, and potas-
sium, and semen and sperm samples were taken at mul-
tiple time points for analysis. Lenticular results have been
reported previously (23), and procedures and results of
semen and sperm analyses will be reported separately (6).

At scheduled terminations, all dogs given O and 120
mg/kg of AT daily and 2 males given 10 mg/kg of AT
daily were anesthetized intravenously with short-acting
barbiturate and perfused with 2% paraformaldehyde and
1.25% glutaraldehyde in 0.1 M cacodylate buffer via ca-
rotid artery to optimize brain and optic nerve fixation.
During perfusion, femoral arteries were severed to ensure
exsanguination, and jugular veins were transected to limit
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TaBLE .—Severity¢ of hepatic findings (different from controls) in dogs given AT in various dosages for up to 104 wk. The week given is the

week of sacrifice.

10 mg/kg/day
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Week 52
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Hepatocellular degeneration/necrosis
Mononuclear cell foci
Microgranuloma

Increased lipofuscin deposits
Cholestasis

Bile duct proliferation
Cholecystitis/hemorrhage

Increased AST/ALT

Decreased cholesterol
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41 = minimal; 2 = mild; 3 = moderate; 4 = marked.
»MS = moribund sacrifice of 2 dogs (weeks 7 or 9).

amount of fixative reaching viscera. Right eyes, testes,
and epididymides were removed from these dogs before
perfusion. All other dogs were euthanatized by intrave-
nous overdose of barbiturate and exsanguination.

At termination, selected organs, including liver, were
weighed. Organ-to-body and organ-to-brain weight ratios
were calculated. Complete necropsies were performed on
all dogs. Samples of multiple organs were fixed in 10%
buffered formalin, embedded in paraffin, sectioned at 4
pm, and stained with hematoxylin-eosin. Some liver sec-
tions were stained with Schmorl’s stain for lipofuscin,
periodic acid-Schiff (PAS), Hall’s for bilirubin, Ziehl-
Neelsen (ZN) for acid fastness, Mallory’s for hemofuscin,
Masson’s trichrome, Stein’s for bile, Prussian blue for
ferric iron, Turnbull blue for ferrous iron, rhodanine for
copper, or mouse antirat ED1 monoclonal antbody (mark-
er for lysosomal membrane, Serotec, Raleigh, NC). Sam-
ples of left lateral hepatic lobe from each animal were
fixed immediately after exsanguination in 2.5% glutar-
aldehyde, postfixed in 1.0% osmium tetroxide, and pro-
cessed and embedded in plastic. Ultrathin liver sections
from the dogs receiving 120 mg/kg of AT and selected
control animals were examined with a Hitachi H-600
electron microscope. All other tissues were examined by
light microscopy.

REsuLTS

The following includes only drug-related hepatic re-
sults, which are summarized in Table I. Complete results
of clinical observations, clinical pathology, and pharma-
cokinetics will be reported separately. Increased emesis
and fecal changes (diarrhea, soft or bloody stool samples)
occurred sporadically throughout the study period and
mainly at 120 mg/kg. Two males receiving 120 mg/kg of
AT were sacrificed moribund in week 7 or 9 due to 25%
to 27% body weight loss, bloody diarrhea, and nonre-
sponse to symptomatic treatment. Body weight gain dur-
ing weeks 1 to 52 was minimally reduced at 120 mg/kg
compared with controls but was similar to controls during
weeks 53 through 104. AT induced consistent dose-re-
lated decreases in cholesterol, LDL, and HDL levels. Af-
ter 12 wk without AT, cholesterol, HDL, and LDL levels
in treated dogs were similar to pretest values and values
in control dogs.

Increases in aspartate aminotransferase (AST), alanine
aminotransferae (ALT), and alkaline phosphatase (AP)
ranged from 2- to 28-fold in the males receiving 120 mg/
kg of AT who were sacrificed moribund. Mean increases
in ALT, AST, and AP levels were minimal (2- to 4-fold
more than pretest) in both sexes at 120 mg/kg in weeks
13 and 26. Mean ALT and AP levels were also increased
(2- to 3-fold more than pretest) in weeks 52, 78, and/or
104 in females in the 120-mg/kg group. At 40 mg/kg,
mean increases in ALT levels were approximately 2 times
pretest and occurred at weeks 13 and 26 in males and
week 104 in females.

Diagnostic criteria for liver changes were as follows:
(a) microgranuloma: accumulation of mononuclear
phagocytes (weakly decorated with antimacrophage an-
tibody); = pigmentation (positive with Schmorl’s, ZN,
PAS); = necrotic cells; = neutrophils; * lymphocytes;
random distribution (mainly midzonal and centrilobular);
(b) foci of mononuclear cells (MN foci): collections of
mononuclear cells including macrophages but mainly
lymphocytes; often in sinusoids surrounding single or
few hepatocytes; * neutrophils; (c¢) cholestasis: centri-
lobular canaliculi distended with linear deposits of bile
(positive with Hall’s stain); minimal severity equivalent
to widely scattered in few lobules; mild equivalent to 1
to 5 filled canaliculi in many lobules; and (d) lipofuscin:
in hepatocytes or phagocytes, fine (1-2 pm) golden-
brown to brown granules (positive with Schmorl’s, PAS,
and ZN [weakly] stains); minimal equivalent to few read-
ily visible granules in scattered centrilobular hepatocytes
in few or many lobules, moderate equivalent to numerous
granules in most centrilobular hepatocytes in many to
most lobules.

Moribund and Week 52

The most severe changes were in 1 male dog in the
120-mg/kg group who was sacrificed in extremis and in-
cluded moderate degeneration with multifocal necrosis of
centrilobular hepatocytes, multifocal minimal MN foci,
multifocal microgranuloma, mild cholestasis, and multi-
focal mild-to-moderate hyperplasia of bile ducts. Com-
pared with livers from control dogs (Fig. 1), hepatocel-
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FiG. 1.—Liver from a control dog at 104 wk. Lipofuscin granules (fine blue intracvtoplasmic granules) in centrilobular hepatocytes stained with
Schmorl’s stain. Bar = 100 pm.

FiG. 2.—Liver from a dog given 120 mg/kg of AT for 9 wk before moribund sacrifice. Lipofuscin accumulation markedly increased in centrilobular
hepatocytes. Many cells in microgranuloma (lower right) also contain lipofuscin. Schmorl’s stain. Bar = 100 pm.

FiG. 3.—Liver from dog given 120 mg/kg of AT for 52 wk. Compared with control. centrilobular hepatocytes contain increased deposits of
lipofuscin. Schmor!’s stain. Bar = 100 pm.

FiG. 4—Liver from dog given 120 mg/kg of AT for 52 wk followed by 12 wk without drug treatment. Lipofuscin granules are much less than
in dogs at 52 wk and in most hepatocytes similar in quantity to control. Schmor!’s stain. Bar = 100 pm.

FiG. 5.—Liver from dog given 120 mg/kg of AT for 104 wk. Despite continuous treatment with AT, hepatocellular lipofuscin is similar to control.
Schmorl’s stain. Bar = 100 pm.

Fic. 6.—Cholestasis (arrow) in dog given 120 mg/kg of AT for 104 wk. Note lipofuscin deposits are similar to control dog in Fig. 1. Schmorl’s
stain. Bar = 100 pm.

lular lipofuscin accumulation was moderately to mark- erate centrilobular lipofuscin deposits (Fig. 3), mild cho-
edly increased (Fig. 2). At 52 wk, liver changes were lestasis, multifocal MN foci (Fig. 7), and minimal-to-
present with dose-related frequency and/or severity. At moderate multifocal microgranulomas (Figs. 8 and 9).
120 mg/kg, most of the dogs had diffuse mild-to-mod- One dog had diffuse mild vacuolation and multifocal
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FiG. 7.—MN focus from dog given 120 mg/kg AT for 52 wk; lymphocytes in sinusoids surrounding hepatocytes. This was considered an early

step in formation of microgranulomas. H&E. Bar = 100 pm.

Fic. 8.—Hepatic MN focus from dog given 120 mg/kg of AT for 52 wk. This was considered an intermediate but more chronic organized form of
MN focus than the MN focus in Fig. 7. Macrophage with brown pigment (arrow) can be identified in middle of lymphocytes. H&E. Bar = 100 pm.

FiG. 9.—Hepatic microgranuloma from dog given 120 mg/kg of AT for 52 wk. Microgranuloma has pigmented mononuclear cells (macrophages)
with lymphocytes and neutrophils. Lipofuscin granules can be seen in adjacent hepatocytes and within phagocytes. H&E. Bar = 100 pm.

F16. 10.—Electron micrograph of hepatic microgranuloma from dog given 120 mg/kg of AT for 52 wk. Mononuclear phagocytes contain numerous
secondary lysosomes filled with amorphous electron-dense material. Bar = 12.2 pm.

minimal necrosis of centrilobular hepatocytes. Two dogs
had multifocal minimal bile duct hyperplasia. At 40 mg/
kg, drug-related changes were minimal and multifocal
and included bile duct hyperplasia and bile stasis. A focal
microgranuloma was seen in 1 dog. MN foci were similar
in appearance in controls and all dose groups but were
minimally increased in number in dogs in the 40-mg/kg
and 120-mg/kg groups compared with controls, particu-
larly in those animals with microgranulomas. Lipofuscin
accumulation was similar in severity in controls and dogs
in the 10-mg/kg and 40-mg/kg groups.

Ultrastructurally, hepatocytes in the 120-mg/kg group
contained increased membrane-bound, heterogeneous,
electron-dense, irregularly shaped material (secondary ly-
sosomes). Centrilobular hepatocytes were most affected,
but midzonal and portal hepatocytes were also affected

minimally. Microgranulomas consisted of spheroid col-
lections of phagocytes packed with secondary lysosomes
similar to those in hepatocytes (Fig. 10). There were also
increased numbers of Kupffer cells containing secondary
lysosomes.

Two males in the 120-mg/kg group had gallbladder
changes; those in 1 dog sacrificed early correlated with
gross findings of abnormal color and content and thick
walls and were more severe that those in 1 male at 52
wk. Edema and hemorrhage of wall and/or mucosa were
seen in both dogs. In addition, the more severely affected
dog had transmural neutrophil infiltrate, fibrinoid necrosis
and thrombosis of vessels, multifocal minute erosions,
and fibrosis in gallbladder; this animal also had inflam-
mation, granulation tissue, and ulcers in the common bile
duct.
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Week 64 Sacrifice (Recovery)

Of the drug-induced hepatic lesions identified in dogs
sacrificed in week 52 or before, some were still present
but markedly reduced in severity and distribution. In cen-
trilobular hepatocytes, lipofuscin deposits were minimal
in all groups, including controls, except in the 120-mg/
kg group in which the severity was mild (Fig. 4). Micro-
granulomas were not identified in any dog and MN foci
were similar in drug-treated and control dogs. Minimal
bile stasis and/or bile duct hyperplasia were seen in the
120-mg/kg group.

Week 104 Sacrifice

Hepatic alterations in dogs treated for 104 wk were
much less severe and involved less parenchyma than in
dogs sacrificed after 52 wk of treatment. A focal micro-
granuloma similar to those seen in week 52 was seen in
1 dog. MN foci were similar in controls and drug-treated
dogs. Lipofuscin deposits were similar in severity in
treated and control livers (Fig. 5), but more dogs given
40 and 120 mg/kg of AT (11 of 18) were affected than
controls (3 of 10). Eleven of 18 dogs given 40 and 120
mg/kg of AT had minimal cholestasis (Fig. 6). Mixed cell
infiltrates around or near central veins were slightly in-
creased in drug-treated females compared with controls.
Hepatocellular ultrastructure was similar in control and
dogs in the 120-mg/kg group.

DiscussioN

Since the liver is the primary site of cholesterol syn-
thesis and the primary site of drug delivery (1, 3, 25), as
expected the primary organ affected by AT was the liver.
Microgranulomas, lipofuscinosis, cholestasis, bile duct
proliferation, and hepatocellular degeneration were noted
by 52 wk mainly in dogs given 120 mg/kg of AT. These
changes were absent or much less pronounced in reversal
animals after 12 wk without treatment and were no longer
present or were similar to controls except for bile stasis
by week 104 despite continuous dosing. Increases in
AST, ALT, and AP levels suggestive of hepatic insult
were most severe in moribund animals but were sporadic,
transient, and minor during the second year of the study.
Increases in ALT and AST levels have been described in
dogs given HMGRIs (7, 8, 10, 15), but hepatic necrosis
and degeneration were noted only with fluvastatin ad-

_ministration (10). Liver lesions were not reported in dogs
given pravastatin for up to 104 wk (28). In our previous
studies in dogs, AT given at =80 mg/kg for up to 13 wk
induced transient increases in ALT, but histopathologic
evidence of hepatocellular insult was inconsistent (31).

Hepatic changes in this study suggest that the likely
chronology of the lesions induced by AT is altered he-
patocellular metabolism (e.g., increased membrane turn-
over) with overloading of removal mechanisms and
buildup of degradation products (lipofuscin) intracellu-
larly. As lipofuscin-laden hepatocytes die, resident mac-
rophages and/or recruited mononuclear cells phagocytize
cell debris and become overloaded, in turn inducing fur-
ther phagocyte activity. With time, hepatocytes returned
to homeostasis despite continued treatment, and lipofus-
cin deposits and microgranulomas are resolved.
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Granulomas are characteristic of chronic inflammation
and consist of accumulations of activated monocytes or
macrophages (5). They are often associated with sub-
stances that cannot be degraded by macrophage lyso-
somes. Hepatic granulomas are uncommon in dogs and
are most often associated with infectious agents (4). In
humans, granulomatous response in liver has been asso-
ciated with several drugs (14). Microgranulomas were de-
scribed in monkeys treated with an experimental diuretic
(16), in dogs treated with a protease inhibitor (17), and
in rats given a sterol compound (13). The microgranu-
lomas in livers of dogs in this study consisted mainly of
mononuclear phagocytes, many of which were pigment-
ed, a result of incomplete degradation of senescent, li-
pofuscin-filled hepatocytes. Similar microgranulomas
were reported in dogs given another lipid-lowering agent
(16) but were not seen in dogs given 80 mg/kg of AT for
up to 13 wk (31). In this study, microgranulomas were
seen in dogs given =40 mg/kg of AT for up to 52 wk.
After 12 wk without treatment and after 104 wk of con-
tinuous treatment, microgranulomas were rare. Resolu-
tion of microgranulomas is consistent with hepatic ac-
commodation with decreased accumulation of lipofuscin
and less of a load on degradation pathways.

The incidence of MN foci was assessed in this study
because the number of foci per animal was minimally
increased with AT treatment and dogs with microgranu-
lomas had increased numbers of MN foci compared with
dogs without microgranulomas. Because these foci were
present in control dogs at all periods, they were consid-
ered to be part of the normal process of removal of se-
nescent cells. MN foci consisted mostly of lymphocytes,
but macrophages could be identified in them and they
appeared to be closely associated with degenerated he-
patocytes. Because MN foci were minimally increased in
dogs with increased lipofuscin and microgranulomas, it
is possible that they represent an early stage in micro-
granuloma development.

Cholestasis appears to be a class effect of HMGRIs
(27) and was present at all sacrifice time points in this
study, but severity was less at 104 wk than at 52 wk. Bile
stasis could be a result of focal cell swelling, membrane
alterations (altered membrane flow, change in permeabil-
ity), or changes in bile salt or bile secretion (21). It could
also be an exaggerated pharmacologic action of
HMGRIs, since decreases in cholesterol can affect bile
salt formation and transport as well as membrane for-
mation and maintenance. Rats with HMGRI-induced
myotoxic effects have elevated serum conjugated bile
acid levels consistent with cholestasis, and both myotox-
icity and serum elevations can be blocked by coadmin-
istration of mevalonate (27). Indigestible contents of sec-
ondary lysosomes are excreted in bile (11), so decreased
bile excretion could result in higher levels of degradation
products that would need to be cleared by macrophages
and result in microgranulomas.

Although lipofuscin can be identified in centrilobular
hepatocytes of control dogs, the distribution and quantity
of lipofuscin in secondary lysosomes were moderately
increased in dogs given 120 mg/kg of AT for up to 52
wk. Within 12 wk of dosing cessation, lipofuscin was
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only minimally increased in treated dogs compared with
controls. By 104 wk, lipofuscin deposits in drug-treated
dogs were similar to those in controls consistent with
accommodation and return to homeostasis despite contin-
uous treatment. Lipofuscin is a lipopigment often seen in
highly metabolizing cells (5, 9) and may be a result of
increased elimination of abnormal or excess proteins,
modulation of synthetic pathways (9), or errors in lyso-
somal catabolism (12). It is often called a ‘“‘wear and
tear” pigment associated with organelle turnover follow-
ing sublethal damage (22). It stains positively with
Schmorl’s iron reduction stain (12) and PAS, may be
acid-fast positive, and stains negatively or weakly posi-
tively for iron with Prussian blue or Turnbull’s stain. Ul-
trastructurally, deposits are membrane-bound aggregates
of electron-dense granules (secondary lysosomes) (5, 9).
Hepatic lipofuscin deposition, foci of pigmented macro-
phages (microgranulomas), and transient ALT increases
consistent with mild, reversible cellular injury have been
described in rats and dogs treated with a histamine H,-
receptor antagonist (22). Although the pathogenesis of
lipofuscin deposition in this study is not known, consid-
ering hepatic metabolism, pharmacologic effect of AT on
the liver, and the extensive decrease in cholesterol, it is
likely that the basal maintenance and turnover of mem-
branes were affected, with a resulting increased accu-
mulation of degradation products.

Unlike L-645,164, another HMGRI, which induced ep-
ithelial hyperplasia in gallbladder (7) and AT at =280
mg/kg (31), AT at 120 mg/kg induced only cholecystitis
in this study, although hepatic bile duct proliferation was
seen at =40 mg/kg. Increases in AP consistent with bile
duct alterations were sporadic, seen only at 120 mg/kg,
and were previously seen at doses of >150 mg/kg of AT
(31). These changes could be due to relatively increased
concentrations of AT in bile and gallbladder, since AT is
excreted primarily via bile. It is also possible that low
cholesterol levels affected bile composition, since cho-
lesterol is the immediate precursor to bile acids (20, 25).
Hyperplasia and/or inflammation of gallbladder have
been described in dogs given other HMGRIs (2, 7) and
have been suggested to be related to chemical irritation
secondary to biliary excretion (10).

AT was very effective in lowering serum cholesterol
levels in dogs. In beagle dogs given AT for up to 2 yr,
the occurrence, severity, and distribution of hepatic le-
sions were dose related. Dose-limiting toxic effects were
seen at doses of 120 mg/kg at which decreases in cho-
lesterol and lipoproteins were marked. Transient increases
in ALT levels suggestive of hepatic insult and histopath-
ologic changes were seen at doses of =40 mg/kg. Hepatic
toxic effects were dose dependent, sporadic in occurrence
(not all animals in a group affected or severity greatly
different between members of a group), and reversible
with or without continued drug administration. Histo-
pathologic hepatic changes seen after 52 wk of treatment
with AT were no longer present or were minimal after
12 wk without dosing and did not progress or completely
resolved with another 52 wk of treatment.
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