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Abstract

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase is a key regulator in cholesterol
biosynthesis and HMG CoA reductase inhibitors (statins) have become a widely prescribed family of lipid lowering
agents. Cholesterol synthesis occurs predominantly in liver which is the target organ of statins. We studied the effects
of fluvastatin (Lescol®), a member of the statin family, on hepatic protein regulation. Male F344 rats treated with 0.8
mg/kg per day fluvastatin or 24 mg/kg per day fluvastatin for 7 days showed treatment-related changes in 58 liver
proteins (PB0.005). Major effects were evident in the cholesterol biosynthesis pathway including the induction of
enzymes upstream and downstream of the target enzyme HMG CoA reductase. Treatment also triggered alterations
in key enzymes of carbohydrate metabolism and was associated with changes in a heterogeneous set of cellular stress
proteins involved in cytoskeletal structure, calcium homeostasis and protease activity. The latter set of protein
alterations indicates that hepatotoxicity is associated with high-dose treatment. Based on the results it is suggested
that HMG-CoA synthase and isopentenyl-diphosphate delta-isomerase may be explored as alternative drug targets
and that the induction levels of these enzymes may serve as a measure of potency of individual statin drugs. It is
proposed that efficacy and cellular stress markers discovered in this study may be used in a high throughput screen
(HTS) assay format to compare efficiently and accurately the therapeutic windows of different members of the statin
family. © 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

High levels of low-density lipoprotein (LDL)
cholesterol and low levels of high-density lipo-

protein (HDL) cholesterol are both known risk
factors for coronary heart disease. In addition, the
involvement of LDL cholesterol in atherogenesis
has been well documented in clinical studies.
Cholesterol is synthesized predominantly in the
liver and transported to various body tissues by
lipoproteins in blood plasma. Therapeutic inter-
ventions to normalize elevated plasma LDL
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cholesterol levels in hypercholesterolemic individ-
uals are in widespread use. Of these, HMG CoA
reductase inhibitors have become the most widely
prescribed family of agents (such as fluvastatin,
pravastatin, simvastatin, lovastatin, atorvastatin).
HMG-CoA reductase is the key regulatory en-
zyme in the biosynthetic pathway for cholesterol
and catalyzes the conversion of HMG-CoA to
mevalonate. The inhibition of this enzyme results
in both the down-regulation of cholesterol synthe-
sis and the up-regulation of hepatic high affinity
receptors for low density lipoproteins (LDL) fol-
lowed by increased catabolism of LDL cholesterol
(Goldstein and Brown, 1984). Otherwise, HMG-
CoA reductase inhibitors do not affect, to a sig-
nificant extent, the levels and/or composition of
the other major lipoprotein fractions (Sirtori,
1990).

Fluvastatin is the first entirely synthetic HMG-
CoA reductase inhibitor, and is in part struc-
turally distinct from the fungal derivatives of this
therapeutic class, and is sold under the brand
name Lescol® in the United States. Fluvastatin
appears in much higher concentrations in the liver
than in non-target organs, and the liver is the
drug’s primary site of both action and side effects.
Marked increases in serum transaminases and
biochemical abnormalities of liver function oc-
curred in a subset of patients who received fluvas-
tatin or other HMG-CoA reductase inhibitors for
an extended period of time (Swislocki et al.,
1997).

It is straightforward to imagine that the thera-
peutic inhibition of a key enzyme of the choles-
terol synthesis pathway is not silently tolerated by
the organism but evokes a response targeted to
compensate for disturbed pathway performance.
Such a regulatory feedback effect may contribute
to the pharmacological action of a drug, e.g. the
up-regulation of LDL receptors (Goldstein and
Brown, 1990), but equally is often associated with
adverse reactions. The purpose of this study was
to gain molecular insights into the liver effects
induced by fluvastatin and to elucidate the bio-
chemical pathways and gene network regulations
induced downstream of the blockade of HMG-
CoA reductase. Tissue proteome analysis has been
successfully applied (Cunningham et al., 1995;

Myers et al., 1995; Anderson et al., 1996a,b;
Steiner et al., 1996; Aicher et al., 1998; Arce et al.,
1998) to investigate the molecular effects of drugs
and to obtain information on their mode of ac-
tion and mechanisms of toxicity. In this case, we
used proteomics to study proteome changes in
livers of rats treated for 7 days with either 0.8 or
24 mg/kg per day fluvastatin. The drug was found
to induce a complex pattern of alterations in rat
liver proteins, some of which were related to
cholesterol synthesis but many were representing
effects on other pathways and endpoints.

2. Material and methods

2.1. Reagents

Ultrapure reagents for polyacrylamide gel
preparation were obtained from Bio-Rad (Rich-
mond, CA). Ampholytes pH 4–8 were from BDH
(Poole, UK), ampholytes pH 8–10.5 were from
Pharmacia (Uppsala, Sweden) and CHAPS was
obtained from Calbiochem (La Jolla, CA). Deion-
ized water from a high purity water system (Neu-
Ion, Inc., Baltimore, MD) was used. System filters
were changed monthly to ensure 18 MV purity.
HPLC grade methanol and glacial acetic acid
were furnished from Fisher Scientific (Fair Lawn,
NJ). HPLC grade acetonitrile was obtained from
Baker (Phillipsburg, NJ). Dithiothreitol (DTT)
was obtained from Gallard-Schlesinger Industries
(Carle Place, NY). Iodoacetamide, ammonium bi-
carbonate, trifluoroacetic acid and a-cyano-4-hy-
droxycinnamic acid were obtained from Sigma (St
Louis, MO). Modified porcine trypsin was pur-
chased from Promega (Madison, WI). All chemi-
cals (unless specified) were reagent grade and used
without further purification.

2.2. Animal treatment protocol

Male F344 rats (Charles River, Raleigh, NC) 8
weeks of age and weighing 148–176 g were used.
The animals were housed individually in rat gang
cages in an environmentally controlled room and
were fed with Rodent Chow (Research Diets Inc.,
New Brunswick, NJ) and tap water ad libitum.
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Three groups of five rats each received control
feed, rodent chow milled with 8 ppm (approxi-
mately 0.8 mg/kg per day) fluvastatin and rodent
chow milled with 240 ppm (approximately 24
mg/kg per day) fluvastatin for 7 days. The ani-
mals were guillotined after CO2 asphyxiation 1
day following the last treatment. Liver samples
(150 mg of the left apical lobe) were removed and
flash frozen in liquid nitrogen and kept at −80°C
until analysis.

2.3. Sample preparation

The samples were homogenized in 8 vol. of 9 M
urea, 2% CHAPS, 0.5% dithiothreitol (DTT) and
2% carrier ampholytes pH 8–10.5. The ho-
mogenates were centrifuged at 420 000×g at
22°C for 30 min (TL100 ultracentrifuge, TLA
100.3 rotor, 100 000 rev./min; Beckman Instru-
ments, Palo Alto, CA). The supernatant was re-
moved, divided into four aliquots and stored at
−80°C until analysis.

2.4. Two-dimensional gel electrophoresis

Sample proteins were resolved using the 20×25
cm ISO-DALT® 2-D system (Anderson et al.,
1991). Solubilized samples (8 ml) were applied to
each gel and the gels were run for 25 050 V h
using a progressively increasing voltage with a
high-voltage programmable power supply. An
Angelique™ computer-controlled gradient-casting
system (Large Scale Proteomics Corporation,
Rockville, MD) was used to prepare the second-
dimension SDS slab gels. The top 5% of each gel
was 11% T acrylamide and the lower 95% of the
gel varied linearly from 11 to 19% T. The IEF gels
were loaded directly on to the slab gels using an
equilibration buffer with a blue tracking dye and
were held in place with a 1% agarose overlay.
Second-dimensional slab gels were run overnight
at 160 V in cooled DALT tanks (10°C) with
buffer circulation and were taken out when the
tracking dye reached the bottom of the gel. Fol-
lowing SDS electrophoresis, the slab gels were
fixed overnight in 1.5 l/10 gels of 50% ethanol/3%
phosphoric acid and then washed three times for
30 min in 1.5 l/10 gels of cold DI water. They

were transferred to 1.5 l/10 gels of 34% methanol/
17% ammonium sulfate/3% phosphoric acid for 1
h and, after the addition of 1 g powdered
Coomassie Blue G-250, the gels were stained for 3
days to achieve equilibrium intensity.

2.5. Quantitati6e gel pattern analysis

Stained slab gels were digitized in red light at
133-mm resolution, using an Eikonix 1412 scanner
and images were processed using the Kepler®

software system as described (Shevchenko et al.,
1996). Groupwise statistical comparisons were
made to search for treatment-related protein
abundance changes.

2.6. Protein digestion

Gel pieces containing the proteins of interest
were excised from a Coomassie stained gel and
placed in a 96-well polypropylene microtiter plate.
Samples were digested in-gel with trypsin accord-
ing to the procedure of Shevchenko et al. (1996)
with slight modifications. Briefly, the excised sam-
ples were destained by two 60-min cycles of bath
sonication in 0.2 M NH4HCO3 in 50% CH3CN
with the resulting solution aspirated after each
cycle. A volume of 0.2 M NH4HCO3 in 50%
CH3CN to cover the gel pieces sufficiently was
added. Reduction and alkylation were accom-
plished by adding 135 nmol DTT and incubating
at 37°C for 20 min. After cooling, 400 nmol of
iodoacetamide was added and incubated at room
temperature in the dark for 20 min. The superna-
tant was removed and the samples were washed
for 15 min in 0.2 M NH4HCO3 in 50% CH3CN.
The gel pieces were dried at 37°C for 15 min and
partially rehydrated with 5 ml 0.2 M NH4HCO3.
After dispensing 3 ml of trypsin (30 ng/ml), the
samples were incubated at room temperature for 5
min. A sufficient volume of 0.2 M NH4HCO3 was
added to ensure complete submersion of the gel
pieces in the digestion buffer. Samples were incu-
bated overnight at 37°C. All samples were aci-
dified with 1 ml glacial acetic acid. Tryptic
peptides were extracted by initially transferring
the digest supernatant to a clean 96-well
polypropylene microtiter plate with two subse-
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quent extraction and transfer cycles of 60 ml of
60% CH3CN, 1% glacial acetic acid. The com-
bined extraction supernatant was dried and recon-
stituted in 6 ml 1% glacial acetic acid for
subsequent mass spectral analysis.

2.7. Matrix-assisted laser desorption mass
spectrometric (MALDI) protein identification

All samples were prepared using a-cyano-4-hy-
droxycinnamic acid as the MALDI matrix using
the dried droplet method (Karas and Hillenkamp,
1988). The matrix solution was saturated in 40%
CH3CN, 0.1% trifluoroacetic acid in water. The
peptide solution (1.0 ml) was applied first to the
smooth, sample plate target, then 1.0 ml of matrix
solution was stirred in with a pipette tip and the
sample allowed to air evaporate.

MALDI experiments were performed on a
PerSeptive Biosystems Voyager-DE STR time-of-
flight mass spectrometer (2.0 m linear flight path)
equipped with delayed ion extraction. A pulsed
nitrogen laser (Model VSL-337ND, Laser Science,
Franklin, MA) at 337.1 nm (B4 ns FWHM pulse
width) was used for all of the data acquisition.
Data were acquired in the delayed ion extraction
mode using a 20-kV bias potential, a 6-kV pulse
and a 150-ns pulsed delay time. Dual microchan-
nel plate (Model 3040MA, Burle Electro-Optics,
Sturbridge, MA) detection was used in the reflec-
tor mode with the ion signal recorded using a
2-GHz transient digitizer (Model TDS 540C,
Wilsonville, OR) at a rate of 1 GS/s. All mass
spectra represent signal averaging of 128 laser
pulses. The performance of the mass spectrometer
produced sufficient mass resolution to produce
the isotopic multiplet for each ion species below
mass-to-charge (m/z) of 3000. The data were ana-
lyzed using GRAMS/386 software (Galactic In-
dustries, Salem, NH).

All MALDI mass spectra were internally cali-
brated using masses from two trypsin autolysis
products (monoisotopic masses 841.50 and
2210.10). Mass spectral peaks were determined
based on a signal-to-noise (S/N) ratio of 3. Two
software packages, Protein Prospector and Pro-
found, were used to identify protein spots. The rat
and mouse nonredundant (NR) database consist-

ing of SwissProt, PIR, GeneBank and OWL was
used in the searches. Parameters used in the
searches included proteins less than 100 kDa,
greater than four matching peptides and mass
errors less than 45 ppm.

2.8. Liquid chromatography-tandem mass
spectrometry protein identification

A home-built microelectrospray interface simi-
lar to an interface described by Gatlin et al.
(1998) was employed. Briefly, the interface uses a
PEEK micro-tee (Upchurch Scientific, Oak Har-
bor, WA) into one stem of which is inserted a
0.025¦ gold wire to supply the electrical connec-
tion. Spray voltage was 1.8 kV. A microcapillary
column was prepared by packing 10 mm MAGIC
C18 particles (Michrom BioResources, Auburn,
CA) to a depth of 10 cm into a 75×360 mm fused
silica capillary PicoTip (New Objectives, Cam-
bridge, MA). A 50–70 ml/min flow from a
MAGIC 2002 HPLC solvent delivery system
(Michrom BioResources) was reduced using a
splitting tee to achieve a column flow rate of
350–450 nl/min.

Samples were loaded on-column using an Al-
cott model 718 autosampler (Alcott Chromatog-
raphy, Norcross, GA). HPLC flow was split prior
to sample loop injection. Samples prepared for
MALDI were diluted 1:3 in 0.5% HOAc, and 2 ml
of each sample was injected on-column. Using
contact closures, the HPLC triggered the au-
tosampler to make an injection and after a set
delay time, triggered the mass spectrometer to
start data collection.

A 12-min gradient of 5–55% solvent B (A: 2%
ACN/0.5% HOAc, B: 90% ACN/0.5% HOAc)
was selected for separation of trypsin digested
peptides. Peptide analyses were performed on a
Finnigan LCQ ion trap mass spectrometer (Finni-
gan MAT, San Jose, CA). The heated desolvation
capillary was set at 150°C, and the electron multi-
plier at −900 V. Spectra were acquired in auto-
mated MS/MS mode with a relative collision
energy (RCE) preset to 35%. To maximize data
acquisition efficiency, the additional parameters
of dynamic exclusion, isotopic exclusion and ‘top
3 ions’ were incorporated into the auto-MS/MS
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procedure. For the ‘top 3 ions’ parameter, an MS
spectrum was taken followed by three MS/MS
spectra corresponding to the three most abundant
ions above threshold in the full scan. This cycle
was repeated throughout the acquisition. The scan
range for MS mode was set at m/z 375–1200. A
parent ion default charge state of +2 was used to
calculate the scan range for acquiring tandem MS.

Automated analysis of LCQ peptide tandem
mass spectra was performed using the computer
algorithms SEQUEST (Finnigan MAT, San Jose,
CA) and/or Mascot (Matrix Science Ltd, London,
UK). The non-redundant (NR) protein database
was obtained as an ASCII text file in FASTA
format from the National Center for Biotechnol-
ogy Information (NCBI). A specific rat protein
database was created by selecting rat protein se-
quences from the NR database. This database
subset was used for subsequent searches. Protein
identifications were based on obtaining good
quality MS/MS spectra from a minimum of two
unique tryptic peptides.

3. Results and discussion

All animals tolerated and survived the treat-
ment, however a decrease in food consumption in
the high dose group occurred resulting in a de-
crease in weight gain for this group. Over the
7-day treatment period, the average weight gain
was 43.5 g in control animals, 37.6 g in the low
dose and 5.4 g in the high dose treatment group.
The 2-DE protein pattern of an F344 rat liver
shows over 1000 Coomassie Blue-stained protein
spots. Fluvastatin treatment altered the abun-
dance of 55 liver spots, based on the application
of the two-tailed Student’s t-test (PB0.005).
Most of the statistically significant changes oc-
curred in the group receiving 240 ppm fluvastatin
in feed for 7 days, a concentration similar to the
high dose used in the 24-month carcinogenicity
study in rats (Physicians’ Desk Reference, 2000).
Changes were evident in livers of rats treated with
8 ppm fluvastatin for 7 days, an exposure com-
parable to the maximum recommended daily dose
in humans, but did not reach as high a level of
statistical significance. The proteins affected by

the treatment with high significance (PB0.005)
are listed in Table 1. The changes induced by
fluvastatin were similar to ones found with lovas-
tatin, another member of the HMG-CoA reduc-
tase inhibitor drug family that was investigated by
us (Steiner et al., 2000). Many of the affected
proteins were already identified in the F344 rat
liver reference 2-D pattern (Anderson et al., 1995;
Steiner et al., 2000). Several spots not yet iden-
tified but significantly altered by fluvastatin treat-
ment were subjected to tryptic-digestion and
MALDI-MS and LC-MS/MS analysis and were
unambiguously identified by this approach.

3.1. Cholesterol synthesis pathway

Fluvastatin treatment showed a profound effect
on cholesterol biosynthesis. Several enzymes lo-
cated downstream and upstream of the drug
target HMG-CoA reductase were induced in this
pathway. Both cytosolic and mitochondrial
HMG-CoA synthase, two enzymes with similar
functions but encoded by different genes (Ayte et
al., 1990) were increased several-fold by the treat-
ment. While cytosolic HMG-CoA synthase is in-
volved in cholesterol biosynthesis, mitochondrial
HMG-CoA synthase is part of the ketone body
synthesis pathway and was found greatly in-
creased by starvation, fat feeding and diabetes
(Casals et al., 1992). Isopentenyl-diphosphate
delta-isomerase (IPP-isomerase), an enzyme par-
ticipating in the cholesterol biosynthesis pathway
downstream of HMG-CoA reductase showed the
most prominent treatment effect and was in-
creased more than 24-fold in the high dose group.
The data suggest that the up-regulation of the
cholesterol synthesis pathway is a feedback reac-
tion to the blockade of HMG-CoA reductase and
an attempt of the liver to compensate for the
impaired pathway performance. The degree to
which these enzymes are induced seems to be
linked to the degree to which HMG-CoA reduc-
tase is inhibited and thus serves as a measure of
the pharmacological potency of the drug. Hence,
it is possible to use, for example, HMG-CoA
synthase and IPP-isomerase induction levels to
compare the relative potencies between different
members of the statin drug family.



S. Steiner et al. / Toxicology Letters 120 (2001) 369–377374

T
ab

le
1

C
ha

ng
es

in
th

e
ra

t
liv

er
pr

ot
eo

m
e

fo
llo

w
in

g
tr

ea
tm

en
t

w
it

h
flu

va
st

at
in

fo
r

7
da

ys
a

F
lu

va
st

at
in

15
0

m
g/

kg
pe

r
da

y
M

SN
P

ro
te

in
na

m
e

C
on

tr
ol

F
lu

va
st

at
in

1.
6

m
g/

kg
pe

r
da

y

P
ro

b
R

at
io

N
-f

ol
d

A
vo

l
C

V
P

ro
b

R
at

io
C

V
N

-f
ol

d
A

vo
l

C
V

A
vo

l

0.
59

53
7

1.
16

1.
16

83
11

5
0.

19
5

0.
00

27
1

2.
63

29
2.

63
K

er
at

in
,

ty
pe

I
cy

to
sk

el
et

al
18

31
57

8
0.

53
2

36
51

1
0.

12
4

0.
17

94
4

1.
12

1.
12

96
73

0.
09

0
0.

00
05

1
0.

10
4

0.
48

22
76

5
2.

10
34

20
32

7
0.

12
5

0.
53

79
8

1.
13

1.
13

88
29

9
0.

18
0

0.
00

05
6

41
2.

70
K

er
at

in
,

ty
pe

II
cy

to
sk

el
et

al
8

2.
70

32
65

0
0.

16
1

37
03

3
0.

27
0

0.
29

48
6

0.
81

1.
24

19
33

8
0.

13
3

0.
00

02
4

0.
37

3
0.

34
55

2.
90

45
28

7
0.

17
4

56
13

0
Se

ne
sc

en
ce

m
ar

ke
r

pr
ot

ei
n-

30
0.

28
8

A
ld

eh
yd

e
de

hy
dr

og
en

as
e,

m
it

oc
ho

nd
ri

al
(E

C
1.

2.
1.

3)
0.

26
29

9
1.

24
1.

24
40

02
0.

13
3

0.
00

14
9

0.
36

2.
77

11
08

6
0.

14
8

13
72

5
59

0.
52

78
4

0.
92

1.
08

32
23

0.
26

9
0.

00
01

0
0.

23
0

0.
35

66
2.

89
86

08
0.

09
1

93
30

0.
57

82
9

0.
97

1.
03

80
90

0.
14

0
0.

00
03

2
69

0.
60

1.
67

13
52

6
0.

07
1

13
12

1
0.

08
1

0.
70

34
8

0.
96

1.
04

78
10

0.
20

1
0.

00
16

1
0.

18
4

0.
64

76
1.

56
11

72
2

0.
04

6
12

16
5

0.
11

1
F

ru
ct

os
e-

1,
6-

bi
sp

ho
sp

ha
ta

se
(E

C
3.

1.
3.

11
)

0.
51

67
4

0.
96

1.
04

69
33

0.
15

3
0.

00
00

4
0.

38
2.

61
18

08
7

0.
06

8
17

31
7

79
0.

53
81

1
0.

92
1.

08
13

18
1

0.
11

3
0.

00
23

0
0.

24
6

0.
77

1.
30

83
15

84
4

0.
04

3
17

15
8

0.
34

4
Is

ov
al

er
yl

-C
oA

D
eh

yd
ro

ge
na

se
(E

C
1.

3.
99

.1
0)

0.
59

51
4

1.
11

1.
11

86
60

0.
14

1
0.

00
07

4
0.

65
1.

54
13

30
7

0.
07

2
14

78
1

91
0.

97
99

0
1.

00
1.

00
40

49
6

0.
11

5
0.

00
01

0
2.

79
97

2.
79

K
er

at
in

,
ty

pe
II

cy
to

sk
el

et
al

8
14

51
5

0.
09

6
14

57
1

0.
31

0
0.

28
24

4
0.

88
1.

14
75

62
0.

37
5

0.
00

23
4

0.
19

8
0.

48
13

72
6

2.
06

10
1

S
-A

de
no

sy
lm

et
hi

on
in

e
sy

nt
ha

se
(E

C
2.

5.
1.

6)
15

61
4

0.
12

5
0.

00
04

4
1.

76
1.

76
15

01
0.

25
2

0.
00

02
1

10
3

0.
25

Se
ne

sc
en

ce
m

ar
ke

r
pr

ot
ei

n-
30

3.
96

59
46

0.
12

7
10

49
3

0.
07

6
0.

33
41

4
0.

93
1.

07
11

28
9

0.
04

3
0.

00
00

2
0.

13
5

0.
66

11
3

1.
52

15
97

4
0.

02
2

17
12

5
A

de
no

si
ne

ki
na

se
(E

C
2.

7.
1.

20
)

0.
54

57
9

0.
92

1.
08

18
44

7
0.

11
3

0.
00

22
3

11
7

0.
62

A
ry

l
su

lf
ot

ra
ns

fe
ra

se
(E

C
2.

8.
2.

1)
1.

62
29

81
1

0.
15

9
27

54
2

0.
13

7
0.

65
42

4
1.

04
1.

04
11

64
8

0.
22

4
0.

00
01

5
0.

13
4

0.
43

27
94

1
2.

31
12

5
N

-h
yd

ro
xy

ar
yl

am
in

e
su

lf
ot

ra
ns

fe
ra

se
(E

C
2.

8.
2.

-)
26

94
1

0.
08

1
0.

54
83

2
0.

90
1.

11
42

73
0.

12
3

0.
00

00
6

12
6

0.
40

3-
H

yd
ro

xy
an

th
ra

ni
la

te
3,

4-
di

ox
yg

en
as

e
(E

C
1.

13
.1

1.
6)

2.
53

10
81

1
0.

09
8

97
57

0.
32

0
0.

01
49

1
0.

87
1.

15
95

03
0.

10
4

0.
00

16
8

0.
08

4
0.

78
12

7
1.

29
10

68
1

0.
03

3
12

24
6

0.
43

8
0.

80
55

4
1.

06
1.

06
72

1
0.

45
8

0.
00

01
8

0.
23

4.
40

31
73

0.
15

9
33

67
12

8
0.

61
79

3
0.

93
1.

08
98

89
0.

20
1

0.
00

14
2

0.
24

4
0.

48
14

2
2.

09
19

10
6

0.
19

1
20

65
1

K
et

oh
ex

ok
in

as
e

(E
C

2.
7.

1.
3)

0.
83

13
1

1.
03

1.
03

21
17

0.
19

5
0.

00
11

8
14

3
0.

58
1.

74
36

74
0.

11
3

37
76

0.
23

0
0.

64
87

4
0.

92
1.

09
20

32
0.

26
1

0.
00

33
1

0.
21

0
0.

38
15

5
2.

66
49

81
0.

29
7

54
05

0.
31

1
D

-D
op

ac
hr

om
e

ta
ut

om
er

as
e

(E
C

5.
3.

3.
12

)
0.

20
59

7
0.

78
1.

27
12

18
3

0.
34

9
0.

00
37

4
0.

46
2.

17
26

43
2

0.
21

2
20

74
3

16
2

0.
16

95
7

0.
92

1.
09

75
86

0.
15

6
0.

00
04

1
0.

09
6

0.
60

A
nt

iq
ui

ti
n-

ra
t

(f
ra

gm
en

t)
1.

67
16

8
11

60
7

0.
06

7
12

63
4

0.
23

9
T

ro
po

m
yo

si
n

0.
69

64
3

0.
95

1.
05

10
16

9
0.

09
4

0.
00

27
1

1.
36

1.
36

74
74

0.
09

5
71

01
17

2
0.

11
61

6
17

8
1.

08
1.

08
49

95
0.

09
5

0.
00

01
0

0.
64

1.
57

78
66

0.
03

6
85

28
0.

08
1

0.
53

33
6

0.
91

1.
10

19
08

0.
20

3
0.

00
00

3
0.

27
5

0.
26

18
2

3.
85

67
04

0.
08

6
73

52
F

ru
ct

os
e1

,6
-b

is
ph

os
ph

at
as

e
(E

C
3.

1.
3.

11
)

0.
16

93
6

0.
80

1.
25

21
05

0.
32

3
0.

00
19

5
25

2
0.

44
C

on
tr

ap
si

n-
lik

e
pr

ot
ea

se
in

hi
bi

to
r

1
2.

27
47

69
0.

08
6

38
07

0.
31

3
0.

56
67

3
0.

90
1.

12
32

07
0.

25
8

0.
00

04
2

0.
25

9
0.

48
28

9
2.

08
59

70
0.

08
3

66
59

0.
93

48
7

0.
99

1.
01

45
79

0.
17

4
0.

00
04

5
30

7
0.

57
1.

76
80

67
0.

08
3

80
05

0.
17

1
0.

22
45

6
1.

35
1.

35
25

42
4

0.
14

5
0.

00
14

9
0.

13
4

2.
67

12
83

6
2.

67
31

1
95

21
0.

55
9

0.
92

89
3

0.
99

1.
01

35
06

0.
27

3
0.

00
03

3
31

5
0.

45
P

yr
uv

at
e

ki
na

se
,

is
oz

ym
es

R
/L

(E
C

2.
7.

1.
40

)
2.

22
77

92
0.

08
7

77
21

0.
19

0
0.

24
07

6
0.

91
1.

10
27

98
0.

29
0

0.
00

04
6

0.
14

0
0.

47
31

8
2.

13
54

10
0.

07
4

59
61

0.
18

0
0.

58
94

0
0.

95
1.

06
18

68
0.

13
6

0.
00

05
1

0.
64

1.
57

29
26

0.
06

8
27

72
35

8
0.

62
52

7
1.

24
1.

24
26

39
8

0.
13

1
0.

00
02

2
0.

19
2

3.
85

36
1

3.
85

85
34

0.
51

5
68

57
H

yd
ro

xy
m

et
hy

lg
lu

ta
ry

l-
C

oA
sy

nt
ha

se
,

m
it

oc
h.

fr
ag

.
0.

26
70

2
1.

16
1.

16
17

42
0.

19
0

0.
00

01
5

36
2

0.
37

2.
67

46
50

0.
07

8
53

75
0.

21
3

0.
58

46
3

0.
94

1.
06

29
78

0.
38

1
0.

00
39

4
0.

12
9

0.
44

37
1

2.
28

63
90

0.
15

9
67

82
0.

05
8

0.
62

99
8

1.
09

1.
09

62
65

8
0.

19
3

0.
00

13
9

6.
29

6.
29

99
62

0.
28

7
10

84
7

37
2

0.
00

06
7

1.
57

1.
57

30
44

0
0.

18
4

0.
00

02
0

0.
10

4
5.

31
H

yd
ro

xy
m

et
hy

lg
lu

ta
ry

l-
C

oA
sy

nt
ha

se
(E

C
4.

1.
3.

5)
5.

31
41

3
89

89
0.

07
5

57
38

0.
10

9
0.

56
09

7
1.

06
1.

06
11

91
0.

40
0

0.
00

24
2

0.
32

3.
12

37
14

0.
08

5
39

28
42

0
0.

55
55

6
49

2
0.

91
1.

10
15

30
0.

24
9

0.
00

14
8

0.
49

2.
04

31
21

0.
16

6
28

46
0.

26
0

0.
69

00
1

1.
03

1.
03

92
9

0.
36

8
0.

00
01

1
0.

09
3

0.
21

44
99

4.
72

50
1

2-
O

xo
is

ov
al

er
at

e
de

hy
dr

og
en

as
e

al
ph

a
su

bu
ni

t,
m

it
oc

h.
43

86
0.

08
7

0.
80

32
4

1.
02

1.
02

27
15

0.
12

1
0.

00
14

7
50

6
0.

61
1.

63
44

31
0.

14
1

45
28

0.
09

9
0.

02
61

0
1.

38
1.

38
24

34
0.

20
3

0.
00

09
6

0.
18

9
2.

57
59

0
2.

57
13

12
0.

08
3

94
9

G
lu

co
se

-6
-p

ho
sp

ha
te

1-
de

hy
dr

og
en

as
e

(E
C

1.
1.

1.
49

)
0.

11
7

0.
50

34
9

1.
06

1.
06

75
2

0.
19

8
0.

00
22

1
0.

59
1.

70
12

79
0.

10
0

13
53

61
3

0.
18

32
7

0.
83

1.
21

12
12

0.
49

4
0.

00
20

5
0.

25
8

0.
43

2.
35

64
4

23
56

0.
10

3
28

46
0.

26
8

0.
28

98
1

0.
86

1.
16

68
2

0.
18

7
0.

00
01

3
0.

47
2.

11
14

41
0.

06
9

12
42

66
9

0.
54

19
9

0.
88

1.
13

12
44

0.
49

5
0.

00
04

6
0.

28
3.

54
68

1
44

02
0.

17
1

38
80

0.
28

9
0.

00
35

5
0.

44
2.

27
39

6
N

A
N

A
0.

20
8

0.
83

72
1

1.
21

21
0

0.
10

0
47

7
0.

52
72

5
0.

93
1.

08
74

1
0.

17
2

0.
00

22
2

80
2

0.
59

1.
70

12
58

0.
11

5
11

65
0.

20
0

0.
00

22
3

0.
41

2.
44

84
8

0.
47

9
0.

54
34

0
0.

23
1

0.
77

90
0

1.
30

45
1

0.
00

9
11

01
0.

00
43

5
93

4
0.

59
ra

s-
G

T
P

as
e-

ac
ti

va
ti

ng
pr

ot
ei

n
SH

3-
do

m
ai

n
do

m
ai

n
bi

nd
in

g
pr

ot
ei

n
1.

71
41

6
0.

54
1

0.
01

62
2

0.
51

1.
94

81
0

0.
14

6
47

4
0.

18
6

0.
14

37
8

2.
29

2.
29

15
38

1
0.

06
5

0.
00

01
4

0.
43

6
24

.3
2

14
51

24
.3

2
11

19
Is

op
en

te
ny

l-
di

ph
os

ph
at

e
de

lt
a-

is
om

er
as

e
(E

C
5.

3.
3.

2)
63

2
0.

09
8

0.
00

48
5

12
50

2.
53

H
yd

ro
xy

m
et

hy
lg

lu
ta

ry
l-

co
en

zy
m

e
A

sy
nt

ha
se

2.
53

21
63

0.
27

7
0.

00
54

6
3.

15
3.

15
68

7
0.

23
6

17
35

0.
27

8

a
M

SN
,

th
e

F
34

4M
ST

3
liv

er
m

as
te

r
sp

ot
nu

m
be

r;
A

vo
l.,

th
e

gr
ou

p
av

er
ag

e
op

ti
ca

l
de

ns
it

y
va

lu
e

of
a

pr
ot

ei
n

sp
ot

;
C

V
,

co
ef

fic
ie

nt
of

va
ri

at
io

n;
P

ro
b,

th
e

P
-v

al
ue

w
he

n
co

m
pa

re
d

to
th

e
co

nt
ro

l
gr

ou
p

(S
tu

de
nt

’s
t-

te
st

).
R

at
io

,
th

e
ra

ti
o

of
ch

an
ge

re
la

ti
ve

to
th

e
co

nt
ro

l;
N

-f
ol

d,
th

e
m

ag
ni

tu
de

of
ch

an
ge

.



S. Steiner et al. / Toxicology Letters 120 (2001) 369–377 375

3.2. Lipid metabolism

Apolipoprotein A-I was induced more than
twofold in the high dose treatment group (PB
0.009). Apolipoprotein A-I is synthesized in the
liver and secreted into the blood, and is the major
protein of plasma HDL and also found in chy-
lomicrons. HDL mediates the reverse transport of
cholesterol from tissues to the liver, the site of
cholesterol metabolism and secretion. Thus, the
increased abundance of precursor apolipoprotein
A-I suggests an up-regulation of HDL synthesis
coupled with an increase in cholesterol catabolism
in the liver. As discussed earlier, liver LDL recep-
tors are expected to be up-regulated following
fluvastatin treatment (Goldstein and Brown, 1984;
Arce et al., 1998). The LDL receptor is a mem-
brane protein that likely is not solubilized under
the conditions used in this protocol and hence is
missing in this data set. Decreases were found in
mitochondrial aldehyde dehydrogenase, involved
in numerous biochemical pathways including fatty
acid metabolism and bile acid biosynthesis and
antiquitin, a member of the superfamily of alde-
hyde dehydrogenases.

3.3. Carbohydrate metabolism

Protein regulations induced by fluvastatin were
not restricted to the intentionally targeted choles-
terol synthesis pathway but also included the in-
terlinked carbohydrate metabolism. Several
enzymes in this pathway were down-regulated by
the treatment such as fructose-1,6-bisphosphatase,
a key regulatory enzyme necessary for, and spe-
cific to, gluconeogenesis or ketohexokinase, in-
volved in metabolism of fructose or pyruvate
kinase, involved in the final step in glycolysis.
Deficiency of fructose-1,6-bisphosphatase is asso-
ciated with fasting hypoglycemia and metabolic
acidosis because of impaired gluconeogenesis (el-
Maghrabi et al., 1995). An increase was found in
glucose-6-phosphate 1-dehydrogenase, the first en-
zyme in the pentose phosphate pathway suggest-
ing a drug-induced up-regulation of this pathway.
Some of these alterations may be related to the
decrease in weight gain that occurred in the high
dose treatment group, emphasizing the impor-

tance of the confounding influence of food intake
in the interpretation of the data.

3.4. Cellular stress

Several proteins associated with cellular stress
were affected by fluvastatin treatment. Senescence
marker protein-30 (SMP-30), a cytosolic protein
with decreased expression during senescent stages,
and recently reported to be identical to a calcium
binding protein called regucalcin (Fujita et al.,
1999) showed a treatment-related decrease.
SMP30 regulates calcium homeostasis by enhanc-
ing plasma membrane calcium-pumping activity
(Fujita et al., 1998) and its down-regulation sug-
gests deregulation of calcium signaling and cellu-
lar stress. Contrapsin-like protease inhibitor 1
(serine protease inhibitor 2), a protein found to be
down-regulated in inflammation, was decreased
by the treatment suggesting high doses of fluvas-
tatin were associated with inflammatory processes
in liver. Keratin type I cytoskeletal 18 and keratin
type II cytoskeletal 8, the two components of the
intermediate filament family were equally induced
upon fluvastatin treatment. Cytokeratin filaments
are important components of the cytoskeletal
structure and their alterations may reflect cellular
stress. A slight induction was also observed in
tropomyosin, a protein found in the thin filaments
of muscle fibers. Changes in these sets of proteins
are likely indicators of liver toxicity induced fol-
lowing high dose fluvastatin treatment. Hence, the
degree to which these proteins are altered by
specific drugs may serve as a measure of toxicity
associated with the treatment.

3.5. Nucleotide and amino acid metabolism

Several proteins involved in nucleotide and
amino acid metabolism were down-regulated by
the treatment such as adenosine kinase, the key
intracellular enzyme regulating intra- and extra-
cellular adenosine concentrations. Inhibition of
adenosine kinase is known to produce marked
increases in extracellular adenosine levels that are
localized to cells and tissues undergoing acceler-
ated adenosine release (Kowaluk et al., 1998).
Similar decreases were evident in 3-hydroxyan-
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thranilate 3,4-dioxygenase, S-adenosylmethionine
synthase, aminoacylase-1 and 2-oxoisovalerate
dehydrogenase.

In addition, two sulfotransferases, N-hydrox-
yarylamine sulfotransferase, a liver specific en-
zyme and aryl sulfotransferase were decreased by
fluvastatin.

4. Conclusions

Proteome analysis revealed quantitative
changes in a high number of rat hepatic proteins
following 7-day treatment with the lipid lowering
agent and marketed pharmaceutical, fluvastatin
(Lescol®). Major protein regulations were evident
in the cholesterol synthesis pathway including the
induction of enzymes upstream and downstream
of the target enzyme HMG-CoA reductase,
demonstrating the rigorous attempt of the liver to
counteract the drug and to maintain normal
cholesterol synthesis rates. Based on these data we
suggest that HMG-CoA synthase and IPP-iso-
merase may be explored as alternative drug
targets to control cholesterol synthesis. In fact,
reports are available documenting that HMG-
CoA synthase has been evaluated as a target for
therapeutic intervention (Greenspan et al., 1987).
Attempts to target IPP-isomerase therapeutically
have, to our knowledge, not been reported in the
public domain. In addition it is suggested that the
induction levels of the above enzymes may serve
as a measure to determine the potency of individ-
ual statin drugs. Fluvastatin treatment also trig-
gered alterations in key enzymes of carbohydrate
metabolism, and was associated with changes in a
heterogeneous set of cellular stress proteins in-
volved in cytoskeletal structure, calcium
homeostasis and protease activity. It is suggested
that the degree to which cellular stress proteins
are changed upon treatment may serve as a mea-
sure of toxicity induced by the drug. In essence,
this work demonstrates the power of proteomics
to obtain insights into the molecular effects of
drugs and to discover new drug targets or protein
markers of drug efficacy and toxicity. Efficacy
and toxicity protein markers selected in such stud-
ies may be used in HTS assay formats for various

applications in drug discovery and development.
The combination of efficacy and toxicity measure-
ments in one test system may, for example, repre-
sent an efficient and accurate way to determine
the therapeutic window of a drug and to compare
different members of compound families in order
to prioritize the most promising ones for
development.
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