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ABSTRACT:

Pravastatin sodium (PV) is a potent cholesterol-lowering agent that
acts by inhibiting 3-hydroxy-3-methyiglutaryl-coenzyme A reductase.
Biotransformation profiles of PV in pooled human urine, plasma, and
feces from heaithy male volunteers given single 19.2-mg oral or 9.9-
mg iv doses of [“CJPV were determined by HPLC. The predominant
drug-related component in urine, plasma, and feces corresponded
fo intact PV; in the pooled urine samples, PV constituted 29 and 69%
of the radioactivity after the po and iv doses, respectively. The A**-
3a-hydroxy isomer of PV constituted 10% (po) and 2% (iv), and 6-
opi-PV constituted 3% (po) and 1% (iv) of the urinary radioactivity.
Negiligible amounts of the lactones of PV or its isomers were detected
in urine, plasma, or feces. At least 15 other metabolites were also
present; none of these accounted for more than 6% of the total
urinary radioactivity. For metabolite isolation, an aliquot of pooled

urine samples, obtained after administration of the radioactive dose,
was added as a tracer to urine samples obtained from healthy
subjects after administration of single nonradiolabeled 40-mg oral
doses of PV. Urinary metabolites were concentrated on an XAD-2
column, extracted with ethyl acetate, and purified by extensive
preparative HPLC. In addition to isolation and identification of un-
changed drug and the two isomeric metabolites described above,
eight other metabolites were isolated and structural assignments
were made based on HPLC, UV spectra, mass spectral analysis, and
proton NMR. Biotransformation pathways elucidated for PV inciude:
(a) isomerization to 6-epi-PV and the 3a-hydroxy isomer of PV; (b)
enzymatic ring hydroxylation; (c) «-1 oxidation of the ester side
chain; (d) s-oxidation of the carboxy side chain; (e) ring oxidation
followed by aromatization; (f) oxidation of a hydroxyl group to a keto
group; and (g) conjugation.

PV' (SQ 31,000, CS-514), a competitive inhibitor of HMG-
CoA reductase, the rate-limiting enzyme in cholesterol biosyn-
thesis, has been demonstrated to effectively reduce plasma cho-
lesterol in animal studies (1) and in clinical trials (2-4). PV is
designated chemically as 1,2,6,7,8,8a-hexahydro-g,5,6-trihy-
droxy-2-methyl-8-(2-methyl- 1-oxobutoxy)-1-naphthalenchep-
tanoic acid, monosodium salt (fig. 1). The numbering of PV and
related structures is that of Alberts et al. (5). Results of preclinical
and early clinical studies of PV, including the metabolism of PV
in rats, dogs, and monkeys and in isolated rat hepatocytes, have
been published (6-9). Two isomers of PV, 3a-iso-PV and 6-epi-
PV, as well as a triol metabolite, have been reported to be
metabolites of PV in humans (7, 10). The absorption, bioavail-
ability, elimination, and pharmacokinetics of PV in healthy
subjects have been determined (3, 11). This report describes the
isolation and identification of the metabolites of PV from human

Portions of this work were presented at the Third North American ISSX Meeting,
“Modem Perspectives in Xenobiotic Metabolism,” San Diego, CA, October 21-25,
1990.

! Abbreviations used are: PV, pravastatin, pravastatin sodium; PV-L, the 5-
lactone of pravastatin; 3a-i30-PV, 3a-hydroxy-iso-A*®-pravastatin; 3a-iso-PV-L, the
s-lactone of 3a-hydroxy-iso-A*S-pravastatin; 6-epi-PV, 6-epi-pravastatin; 6-epi-PV-
L, the 3-lactone of 6-epi-pravastatin; triol, A*-3«,58,66-trihydroxy-pravastatin; 3'(S)-
OH-PV, 3'(S)-hydroxy-pravastatin; desacyl-PV, desacyl-A***®-dehydro-pravastatin;
HMG-CoA, 3-hydroxy-3-methyiglutaryl-coenzyme A; FAB, fast atom bombardment;
TBA, tetrabutylammonium hydrogen sulfate; TEA, triethylamine; COSY, correlated
spectroscopy.
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HO
FIG. 1. Structure of pravastatin sodium.

The sites labeled with '“C are indicated by asterisks.

urine and the quantification of some of these metabolites in
plasma, urine, and feces after oral and iv administration of
['“C]PV to humans.

Materials and Methods

Chemicals. ['*C]PV (fig. 1), with a specific activity of 4.9 uCi/mg, was
provided by Sankyo Co., Ltd. (Tokyo, Japan). The radiochemical purity
of the ['“CJPV was greater than 97% as determined by HPLC. All
synthetic reference standards, including nonradiolabeled PV, PV-L, 3a-
iso-PV, 3a-iso-PV-L, 6-epi-PV, 6-epi-PV-L, triol, 3'(S)-OH-PV, 3'(R)-
OH-PV, desacyl-PV, and 3,4-8-epoxy-PV, were also obtained from
Sankyo. HPLC-grade solvents were used throughout. Reagent-grade te-
trabutylammonium hydrogen sulfate was from Aldrich Chemical Co.
(Milwaukee, WI) and TEA was obtained through Mallinckrodt Inc.,
(Paris, KY). Combined g-glucuronidase/sulfatase from Helix pomatia
(type H-1, G 0751), phenolpthalein glucuronic acid, sodium salt (P
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0376), and D-saccharic acid-1,4-lactone (S 0375) were obtained from
Sigma Chemical Co. (St. Louis, MO).

Dosing and Sample Collection. In an open, balanced, randomized,
two-way crossover study, each of eight healthy male subjects (age, 21 to
39 years; weight, 64 to 84 kg) received a single 19.2-mg oral dose (100
uCi) and a single 9.9-mg iv dose (25 xCi) of ['‘C]JPV on two different
occasions separated by a “washout” period of 7 days. Urine, plasma, and
fecal samples were collected for up to 4 days after drug administration.
The detailed experimental protocol has been described elsewhere (11).
HPLC biotransformation profiles were determined for representative
pooled plasma, urine, and fecal samples from this radiolabeled study.

For isolation and identification of the metabolites of PV, a portion of
the pooled urine samples (0 to 6 hr) from the clinical study that used
radiolabeled PV (11) was added as a tracer to pooled urine samples (0 to
8 hr) obtained from a separate clinical study, in which 24 healthy male
subjects were given single 40-mg oral doses of nonradiolabeled PV. The
doses used in both clinical studies were within the therapeutic dosing
range for PV,

Biotransformation Profiles. Samples of pooled plasma (1 hr), urine (0
to 48 hr), and fecal homogenates (0 to 96 hr) were mixed with 25 ul of
an acetonitrile/water, 1:1 (v/v) solution containing about 25 ug each of
the available synthetic reference standards (see “Chemicals” above) be-
fore HPLC analysis. After addition of the reference standards and after
high speed centrifugation (10,000g), urine samples were injected directly
into the HPLC. Plasma samples (2.0 ml) were deproteinized by adding
4.0 ml of acetonitrile followed by centrifugation for 10 min at 700g.
After removal of the clear supernatant, the protein precipitate was washed
twice with 2.0 ml of acetonitrile/water, 2:1 (v/v). The combined super-
natants were evaporated to dryness in vacuo and reconstituted into 1.0
ml of acetonitrile/water, 2:1 (v/v). After high speed centrifugation, the
supernatant was quantitatively removed, mixed with 0.5 ml of water,
and recentrifuged at high speed. A 1.0-ml aliquot was injected into the
HPLC.

Fecal homogenates (1.0 g) were mixed with 2.0 ml of acetonitrile and
sonicated for 5 min. The sonicated mixture was then shaken in a wrist-
action shaker for 20 min and then centrifuged for 10 min at 700g. The
supernatant was decanted and saved. The precipitate was washed twice
more with 1.0 ml of acetonitrile/water, 2:1 (v/v) and an aliquot (0.5 ml)
of the combined supernatants was injected into the HPLC.

All HPLC analyses, as well as the preparative isolation of metabolites,
were performed on a Hewlett-Packard model 1090A liquid chromato-
graph, equipped with a diode-array UV detector. Two different HPLC
systems (A and B) were used to characterize the biotransformation profile
of PV in pooled plasma, urine, and fecal samples. Both systems used a
Whatman Partisil 10 ODS-3 Magnum 9 semipreparative reverse phase
(Cis) column (9.4 mm X 50 cm, Whatman Inc., Clifton, NJ) equipped
with a guard column. For HPLC system A, the mobile phase consisted
initially of 25% acetonitrile/75% 0.01 M potassium phosphate buffer
(pH 7.2) containing 0.005 M TBA. This initial mobile phase was main-
tained for 25 min; the mobile phase was then changed in a linear gradient
over a period of 45 min to a final composition of 50% acetonitrile/50%
0.01 M potassium phosphate buffer (pH 7.2) containing 0.005 M TBA.
The final composition was maintained for an additional 10 min (total
run time of 80 min).

HPLC system B consisted initially of 15% acetonitrile/85% 0.01 M
potassium phosphate buffer (pH 7.2) containing 0.005 M TBA. The
initial mobile phase was maintained for 20 min; the acetonitrile content
of the mobile phase was then increased in a linear gradient over a period
of 40 min to a final composition of 26% acetonitrile. In the final gradient
step, the composition of the mobile phase was changed in a linear manner

" over a period of 15 min to give a final composition of 50% acetonitrile/
50% 0.01 M potassium phosphate buffer (pH 7.2) containing 0.005 M
TBA. The final composition of the mobile phase was maintained for 5
min to give a total run time of 80 min.

For both HPLC systems A and B, the mobile phase flow rate was 4
ml/min. Fractions of column effluent were collected for either 0.5- or 1-
min intervals and each fraction was mixed directly with 15 ml of

scintillation cocktail (Hydrocount; J. T. Baker, Phillipsburg, NJ) for
determination of radioactivity by liquid scintillation counting.

Combined S-Glucuronidase/Sulfatase Enzyme Hydrolysis. Enzyme
hydrolysis was performed using combined S-glucuronidase/sulfatase at a
final concentration of 909 g-glucuronidase units/ml in 0.09 M sodium
acetate, pH 4.8. Incubations were performed using phenolphthalein
glucuronic acid as a positive control, and with the S-glucuronidase
inhibitor, D-saccharic acid-1,4-lactone, added to selected incubations to
differentiate sulfatase activity from g-glucuronidase activity.

Isolation of Metabolites from Human Urine. The overall scheme used
for the isolation of the metabolites of PV from human urine is shown in
fig. 2. Briefly, a total volume of 14 liters of urine was applied, 2 liters at
a time, to a column of XAD-2 resin (4.3 X 40 cm). After washing the
column with 1 liter of water, the radioactive metabolites were eluted with
1 liter of acetonitrile, followed by 1 liter of 80% acetonitrile in water.
The recovery of radioactivity from the XAD column averaged 95%. The
acetonitrile and acetonitrile/water eluents were combined and concen-
trated in vacuo. After addition of 36 ml of 0.2 M potassium phosphate
buffer (pH 3.0) and 178 g of sodium chloride to the concentrated aqueous
extract (177 ml), the solution was adjusted to pH 3.0 by dropwise addition
of 0.5 N hydrochloric acid, while rapidly stirring the solution. This
buffered solution was extracted 3 times with 2 volumes of ethyl acetate
(total recovery 77%). Each ethyl acetate extract was immediately neu-
tralized by addition of 2.0 ml of TEA. HPLC analysis of the aqueous
and combined ethyl acetate fractions in both systems A and B indicated
that all but the most polar metabolites were well extracted. The combined
ethyl acetate extracts were concentrated in vacuo to 4.5 ml of a brown,
oily liquid, which contained mostly water. Water (6.3 ml) was added to
the concentrate, followed by 2.0 ml of acetonitrile/water, 15:85(v/v).
This concentrated extract was separated into its radioactive constituents
by multiple injections of aliquots (0.9 ml) into HPLC system B (What-
man column); 1-min fractions were collected for each run. A small
aliquot of each fraction (25 ul) was combined with Hydrocount (J. T.
Baker) and the radioactivity in each fraction was determined by use of a
liquid scintillation counter. Individual fractions from each run were
combined according to retention time into two major fractions, desig-
nated fraction 1 and fraction 2, which constituted 22 and 68%, respec-
tively, of the radioactivity recovered from the column. Fraction 1 con-

Human Urine
I XAD Column
Water Acetonitrile Acetonitrile
Eluent Eluent Water (80:20)
' I N
X of
3. Ethyl Acetate Extraction
Ethyl Acstate Aqueous
Discard)
1- Neutrakzed with ¢
2. Preparative
(HPLC System 8)
Fraction 1 Fraction 2
(220%) (630 %)
Extensive Extensive
Preparative HPLC l Preparative HPLC

1 1 ) | . . ) | 1 1
2 -1 ) ? ¢ 1 4 3 2 1
(23 min) {| (48 emin) (52 min) [| (58 mim) f (62 mim) | [ (68 mie) 79 i) || 23 e [ (22 i)
FIG. 2. Scheme for the isolation and purification of pravastatin
metabolites from human urine.

The approximate retention times of the metabolites in HPLC system
B are shown in parentheses. Since metabolite 8 was consumed in iden-
tification attempts, its retention time in HPLC system B was not deter-
mined.
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tained many minor polar metabolites, while fraction 2 contained PV and
less-polar metabolites. These two major fractions were further purified
by repeated preparative HPLC until the diode-array detector indicated a
high degree of purity for each metabolite. Preparative HPLC was per-
formed using either a semipreparative Whatman Partisil 10 ODS-3 M9
column (0.9 X 50 cm) or an analytical Beckman Ultrasphere ODS
column (0.46 X 25 cm, 5 um particle size). HPLC solvent systems
consisted of mixtures of acetonitrile or methanol with a buffered aqueous
phase containing either TEA (water/acetic acid/TEA, 670:1:1) or TBA
(0.005 M TBA, 0.01 M potassium phosphate, pH 6.0) as ion pair reagents.
Because the TEA mobile phase was somewhat acidic (pH 4.3), the
fractions were immediately neutralized with a small aliquot of TEA
(about 5 ul). After each preparative run, the mobile phase from combined
fractions was evaporated in vacuo. After dissolving the residue in a small
volume of water, removal of mobile phase buffer salts was accomplished
by solid phase extraction on C,s Bond Elut cartridges manufactured by
Analytichem International (Harbor City, CA). Prior to mass spectral or
NMR analysis, isolated metabolites were converted to Na* salts by
passage through a cation exchange column (0.4 X 4.0 cm) packed with
Bio-Rad AG 50W-X2 resin.

Spectroscopy. UV spectra were obtained with the diode-array detector
in the mobile phase composition in which they eluted from the HPLC.

Proton NMR spectroscopy was performed on either a Jeol GX-400 or
a Jeol GSX-500. All compounds were dissolved in D,O (99.96 atom %
D; MSD Isotopes, Montreal, Canada). All chemical shifts (3,;) are re-
ported in ppm relative to tetramethylsilane as an internal reference. The
standard COSY pulse sequence was used for two-dimensional spin
correlation experiments. Interpretable COSY spectra were obtained on
as little as 65 ug.

Mass spectrometry was performed on either a VG-ZAB-2F or a Sciex
API-II Triple Quadrupole mass spectrometer. FAB mass spectrometry
was performed on the VG-ZAB-2F. Conditions were as follows: acceler-
ating voltage was 8 kV; FAB matrices consisted of dithiothreitol, dithio-
erythritol, dimethylsulfoxide, and glycerol; the MS/MS collision gas was
air, and the collision energy was 8 keV. The Sciex API-3 triple quadrupole
employed ion spray as the ionization technique; this technique produces
gas phase ions from charged species in solution (12). A 50 ng/ml solution
of metabolite in methanol was introduced into the mass spectrometer at
a flow rate of 3 ul/min. The MS/MS collision gas was argon and the
collision energy was 50 eV.

Results

Biotransformation profiles of pooled urine (0-48 hr) from
eight healthy male volunteers given a 19.2-mg dose of ['“C]PV
are shown in fig. 3. Reference standards or previously isolated
metabolites were co-injected with the pooled human urine ob-
tained after administration of ['“C]PV for determination of the
relative amount of each metabolite in the human urine sample.
The retention times of these metabolites are indicated in fig. 3
and the relative distribution of each metabolite in pooled urine
(0-48 hr), plasma (1 hr), and feces (0-96 hr) is summarized in
table 1. HPLC system A (fig. 3, upper chromatogram) gave good
resolution among PV, 3a-iso-PV, 6-epi-PV, and the lactone of
PV; the lactones of 3a-iso-PV and 6-epi-PV were separated from
the other compounds, but not from each other. The major
radioactive component in the pooled urine, constituting 29 and
69% of the radioactivity after the po and iv doses, respectively,
corresponded to intact PV (table 1). The corresponding values
for 3a-iso-PV were 10% (po) and 2% (iv) and for 6-epi-PV were
3% (po) and 1% (iv). Negligible amounts of the lactones of PV
or its isomers were detected in urine, plasma, or feces. The polar
biotransformation products were not well separated in this HPLC
system. For more detailed characterization of the polar biotrans-
formation products, HPLC system B was used (fig. 3, lower
chromatogram). At least 15 metabolites more polar than PV

1
§ HPLC System A

2
3 N 24,3
-~ 3L
£ | I
] N i
> . . . I
>
' HPLC System B
o ]
o
2 o
(]
[« 4
2

0 10 20 30 40 50 60 70 80

Time (min)
FiG. 3. Biotransformation profiles of pooled human urine samples as
determined by HPLC systems A (upper) and B (lower).

The retention times of isolated metabolites and reference standards
that were co-injected with the human urine samples are indicated by
arrows; the arabic numerals refer to the structures in fig. 5. The lactones
of PV, 3a-iso-PV, and 6-epi-PV are designated /L, 2L, and 3L, respec-
tively.

were present in the pooled human urine; none of these accounted
for more than about 6% of the urinary radioactivity.

For metabolite isolation, an aliquot of the urine collected from
subjects given the radioactive dose of PV was added as a tracer
to urine samples obtained from healthy subjects after adminis-
tration of single nonradiolabeled 40-mg doses of PV. Urinary
metabolites were concentrated on an XAD-2 column. The con-
centrated extract was acidified to pH 3.0, extracted with ethyl
acetate, and the ethyl acetate extract was purified further by
extensive preparative HPLC to give metabolites 1 to 12 (fig. 2).
Because of the tendency of PV and related compounds to iso-
merize in acid (7), precautions were taken to minimize the
exposure to acidic conditions throughout the isolation of the
metabolites from human urine. For example, because the TEA
mobile phase was mildly acidic (pH 4.3), the fractions obtained
after a preparative run with this system were immediately neu-
tralized with a small aliquot of TEA. In addition, the effect of
acidification of the XAD extract to pH 3.0 prior to ethyl acetate
extraction was tested on a small aliquot before the entire extract
was committed to this procedure. The HPLC profiles before and
after the extraction were the same. In spite of these precautions,
metabolite 3 was unstable during isolation attempts.

NMR spectral data are summarized in table 2. The NMR
spectral data for PV and 3a-iso-PV were in good agreement with
the published NMR spectral data (13). Proton NMR spectra of
the metabolites were assigned by comparison with the spectra of
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TABLE 1
Biotransformation profiles of pravastatin in representative pooled
plasma, urine, and fecal samples, as determined by HPLC, after a
single 9.9-mg iv and 19.2-mg oral dose of
[*CJpravastatin to healthy subjects
Metabolites 1, 2, and 3 and their respective lactones (not shown) were
determined in HPLC system A; the three lactones collectively accounted
for less than 1% of the radioactivity in any sample. Metabolites 4 through
12 were determined in HPLC system B.
Percentage Distribution of Radioactivity

Reference Plasma Urine Feces

Metabolite

Compound (1hr) (048 hry (0-96 hry
iv po iv po iv po
1 PV 42,1 237 686 290 66.2 476
2 3a-iso-PV 45 237 23 100 82 139
3 6-epi-PV 00 10 13 28 00 0.7
4 Desacyl-PV 6.1 68 25 50 b b
5 < < 14 49 °* b
6 ¢ ¢ 05 08 ° b
7 3(S}0OH-PV 15 06 22 33 ° b
8 c c d d b b
9-11° ¢ < 27 62 ¢ b
12 Triol 80 33 33 62 ¢ b

2 Recoveries of the radioactive doses were 20% (po) and 59% (iv) in
urine; 71% (po) and 34% (iv) in feces.

b Feces were analyzed only in HPLC system A.

¢ The isolated metabolites were not co-chromatographed in plasma.

4 The small amount of metabolite 8 isolated was consumed in identi-
fication attempts; therefore, it was not co-chromatographed with urine.

¢ Metabolites 9, 10, and 11 were not completely resolved in HPLC
system B, so the value shown is the total of all three metabolites.

PV and the other reference standards available. The olefinic
protons of the trans-diene and any oxygen-bearing methine
protons were clearly observed downfield in the NMR spectra of
these metabolites. In addition, the two methyl groups of the
oxybutoxy side chain (2’-Me, 3’-Me) and the methyl group (2-
Me) of the decalin ring structure were observed at the high-field
end of the spectra in all cases. The UV spectra were very useful
for the assignment of a unique structure to each metabolite.
Among the 12 isolated compounds, 4 distinct UV spectra were
observed by use of the diode-array detector (fig. 4).

Structures of the metabolites of PV are shown in fig. 5. Of the
11 compounds identified, reference standards of known stereo-
chemistry were available for 6 of them. Proton NMR, mass
spectral fragmentation patterns, UV spectra, and HPLC charac-
teristics could be compared with these six reference compounds.
Structural assignment of metabolites for which no reference
standard was available was based on interpretation of the NMR
(including COSY), mass, and UV spectra. FAB mass spectra
were successfully obtained for four of the isolated metabolites,
but the technique was found to lack the sensitivity required for
obtaining interpretable spectra for most of the minor metabolites.
For this purpose, the ion spray technique (nebulizer-assisted
electrospray) was found to give excellent sensitivity (daughter ion
spectra could be obtained on as little as 10 ng of reference
compound) with a significant improvement in signal-to-noise
over that obtained with FAB spectra. Generally, the MS/MS
spectrum of the (M — H)™ ion was used for identification
purposes. The significant daughter ions for PV and some of its
metabolites are shown in table 3. The daughter ion resulting
from the loss of the 2-methylbutyryl side chain (m/z 101 for
PV), and the alternate ion, with charge retention on the remain-

ing portion of the molecule (m/z 321 for PV), allowed the
determination of any modification to the ester side chain. The
daughter ion resulting from loss of the ester side chain and the
cleavage of the heptanoate side chain between the v and & carbon
atoms, followed by a further loss of water (m/z 199 for PV),
allowed the determination of any modifications to the decalin
ring system. The evidence and rationale for the assignment of
the 12 metabolites follows.

Metabolite 1. This compound had the same retention time as
unchanged PV in HPLC systems A and B (fig. 3). The UV
spectrum (fig. 44) and the proton NMR (table 2) were identical
to that of PV. The FAB mass spectra showed ions at m/z 447
(M + Na)*, and 469 (M + 2Na)* in the positive mode and at m/
2423 (M — H)" in the negative mode. The daughter ion spectrum
(MS/MS) of the parent ion of m/z 447 was similar to that of
authentic PV. These results confirmed the identity of metabolite
1 as unchanged PV.

Metabolite 2. This metabolite had the same retention time as
3a-iso-PV in HPLC systems A and B (fig. 3). The UV spectrum
(fig. 44) and the proton NMR (table 2) were identical to that of
3a-iso-PV. The FAB mass spectra showed an ion at m/z 447 (M
+ Na)*, and 469 (M + 2Na)*in the positive mode and at m/z
423 (M — H)" in the negative mode. The daughter ion spectrum
(MS/MS) of the parent ion of m/z 447 was similar to that of
authentic 3a-iso-PV. These results confirmed the identity of
metabolite 2 as 3a-iso-PV.

Metabolite 3. This metabolite had the same retention time as
6-epi-PV in HPLC systems A and B (fig. 3); the UV spectrum
was also the same (fig. 44). This compound decomposed during
successive preparative HPLC attempts until insufficient sample
remained for direct identification. When the reference standard
6-epi-PV was treated in a similar manner (i.e. simulated isola-
tion) to that of metabolite 3, a similar decomposition was ob-
served. As described previously, the mildly acidic mobile phase
(pH 4.3) was neutralized with TEA prior to evaporation of the
mobile phase during the isolation procedure; when the mobile
phase was not neutralized with TEA prior to evaporation during
a simulated isolation using authentic 6-epi-PV, the decomposi-
tion was increased. Since 6-epi-PV is known to undergo an allylic
rearrangement similar to PV under acidic conditions (7), we
suspected that the primary decomposition product was 3a-iso-
PV. This was confirmed by co-chromatography of the decom-
position product with 3a-iso-PV in a reverse phase HPLC system;
the UV spectrum was also the same as that of 3a-iso-PV. Since
6-epi-PV has been identified previously as a metabolite of PV in
humans, these results confirmed the identity of metabolite 3 as
6-epi-PV.

Metabolite 4. This metabolite had the same retention time as
desacyl-PV in HPLC system B (fig. 3). The UV spectrum of
metabolite 4 was also similar to that of desacyl-PV (fig. 4C) and
quite different from PV or any of the other isolated metabolites.
The FAB mass spectrum showed ions at 7,2/z 321 and 319 in the
positive and negative modes, respectively, which were attributed
to the (M + H)* and (M — H)~ ions of a compound of molecular
weight 320. Metabolite 4 co-chromatographed with authentic
desacyl-PV on reverse phase HPLC, and the NMR spectrum of
the metabolite and the standard were identical. Based on these
data, metabolite 4 was identified as desacyl-PV.

Metabolite 5. The UV spectrum of metabolite 5§ was similar
to that of PV (fig. 44). The proton NMR spectrum was similar
to that of PV, but with signals for five additional protons present
between 6 3.2 and 4.6 ppm (table 2). The five oxygen-bearing
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TABLE 2
Proton NMR of pravastatin and its metabolites determined in deuterium oxide

Values are chemical shifts (ppm).
PV 3% DeacylPV  PV-Glucu- 56-epoxy-3a- 3/(SFOH-PV  JCANOT 3,0 GH PV 3keto-56- 7-OH-3a-  Triol
H "‘(’2‘)"' ) ronide (5) mvy(c) (S)i% C°“(J;‘)9“"° Totmnor ©®) diol(10) isoPV(11) (12)
1 1.61 173 2.59 1.59 1.93 ~1.58° b b b 1.77 1.69
2 241 195 2.59 242 2.03 ~2.45 ~2.49 ~2.47 b 1.98 1.88
3 6.01 3.96 5.92 6.02 3.98 6.01 6.01 6.01 4,00 3.89
4 6.04 5.66 6.35 6.04 6.27 6.04 6.04 6.04 6.07 5.81 5.89
5 5.54  6.16 6.61 5.65 3.73 5.53 5.53 5.53 4.42 6.33 421
6 436 572 447 3.55 4.39 4.36 4.38 3.84 5.78 3.89
7 244 249 7.08 2.50 2.28 ~2.45 ~2.49 ~247 b 4.12 1.94
1.64 236 1.73 2.28 ~1.58 b b b 1.94
8 5.37 541 6.67 5.38 5.19 5.38 5.35 5.36 543 5.19 5.32
8a 247 225 2.48 2.15 ~2.45 ~2.49 ~2.47 b 2.39 2.24
2-Me 085 0.72 0.93 0.83 0.73 0.84 0.85 0.85 0.99 0.75 0.73
a 231 233 2.29 2.30 2.36 231 2.33 2.33 2.32
2.28 2.29 2.25 2.26 2.32 2.29 2.29 2.30 2.29
[} 404 406 4.01 4.03 4.09 404 3.99 4.06 4.06
¥ 1.58 161 ~1.56 ~1.57 1.63 ~1.58 1.58 1.61 1.59
1.58 161 ~1.56 ~1.57 1.63 ~1.58 1.58 1.61 1.59
é 3.66 3.73 3.63 3.66 3.76 3.68 3.70 3.75 3.72
€ ~1.52 ~1.51 ~1.56 ~1.50 ~1.57 ~1.50 b b ~1.48 ~1.52 ~1.53
~1.52 ~1.51 ~1.56 ~1.50 ~1.57 ~1.50 b b ~1.48 ~1.52 ~1.53
¢ ~1.28 ~1.31 1.39 ~1.23 ~1.30 ~1.27 b b ~1.25 ~129 ~1.35
~1.28 ~1.31 1.39 ~1.23 ~1.30 ~1.27 b b ~1.25 ~129 ~1.35
2’ 2.39 2.38 240 241 ~2.45 ~2.49 ~2.47 2.38 2.37 241
3 1.53 1.51 ~1.50 ~1.57 385 3.96 3.84 ~1.48 ~1.52 ~1.53
143 143 1.41 1.48 1.43 1.43 1.45
2’-Me 106 1.02 1.03 1.08 .11 1.12 1.11 1.04 1.02 1.06
3'Me 081 0.78 0.79 0.83 1.04 1.08 1.04 0.77 0.78 0.80
a 4.53
b 3.26°
c 3.60°
d 343
e 343

< Due to the complexity of proton signals in the region 5 1.0-2.5, some chemical shift values are approximate. It is estimated that these values are

accurate to within about 0.04 ppm.

b Assignment of these protons was not made because of multiple overlapping signals or interferring signals from minor impurities.

¢ The glucuronic acid protons.

methine protons of a glucuronide conjugate would be expected
to give signals in this region of the spectrum. A COSY spectrum
of the metabolite confirmed that these five protons were coupled
in a manner consistent with glucuronic acid. The FAB mass
spectrum showed ions at m/z 599 and 621 that were attributed
to the (M — H)™ and (M + Na — 2H) ions of a compound of
molecular weight of 600, which corresponds to the free acid form
of PV-glucuronide. Exact mass determination of the (M — H)~
ion resulted in a value of 599.2701 (599.2704 theoretical for PV-
glucuronide). The ion spray mass spectrum showed ions at m/z
599 and 621 attributable to the (M — H)" and (M + Na — 2H)~
ions, respectively, in agreement with the FAB mass spectrometry
results. The daughter ion spectrum of the parent ion m/z 599
gave anion of m/z 193 indicative of the glucuronic acid moiety.
When incubated with S-glucuronidase, the metabolite was hy-
drolyzed and the aglycone co-eluted with PV on reverse phase
HPLC. This hydrolysis could be inhibited by addition of the 8-
glucuronidase inhibitor, D-saccharic acid-1,4-lactone, to the in-
cubation mixture. Base hydrolysis under conditions (pH 12 for
2 hr at room temperature) known to hydrolyze acyl-linked 8-
glucuronide conjugates (14) did not hydrolyze metabolite 5. A
comparison of the chemical shifts of the protons in the NMR of
metabolite 5§ with those of PV showed a downfield shift of 0.12

ppm for the Hs proton and 0.11 ppm for the H proton of the
metabolite relative to PV. This evidence, combined with the
result of the base-hydrolysis experiment described above, sug-
gested that the glucuronide group was conjugated at the 6-
hydroxy position of PV and not at the carboxyl group or the 8
or & hydroxy groups of the heptanoic acid side chain. Based on
the above evidence, metabolite § was identified as PV-glucuro-
nide.

Metabolite 6. The UV spectrum of this metabolite showed
only end-absorption similar to that observed for the triol (fig.
4B). This indicated that the trans-diene system was no longer
present in metabolite 6. At most, a single olefin bond was present
in the decalin ring structure. The ion spray mass spectrum
showed ions at m/z 439 and 441 in the negative mode and the
positive mode, respectively, which were attributed to the (M —
H)™ and (M + H)* ions corresponding to a metabolite with a
molecular weight of 440. This difference of 16 mass units (PV,
molecular weight = 424) suggests incorporation of oxygen into
the molecule. The daughter ion spectrum resulting from the
parent ion of m/z 439 gave a neutral loss of 102, indicative of
an unmodified oxybutoxy side chain similar to PV. An ion of
m/z 215 was indicative of one additional oxygen in the decalin
ring structure; PV yielded an analogous ion at m/z 199. The
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220 240 260 280 300 320 340 220 240 260 250 300 320 340
Wavelength (nm)
FiG. 4. Absorbance spectra of pravastatin and some of its metabolites.
The spectra were obtained in the mobile phase composition from
which they eluted from the column. 4, PV (1), 3a-iso-PV (2), 6-epi-PV
(3), and 3’(S)-OH-PV (7); B.triol (12); C, desacyl-PV (4); D, metabolite
10.

proton NMR (table 2) showed only one olefinic proton present
(8 6.26, d). The midfield region of the NMR (4 3.5-4.5) showed
five oxygen-bearing methines. The chemical shifts and multiplic-
ity of two of these protons were identical to the oxygen-bearing
methines of the heptanoic acid side chain (H; and H,) of PV,
confirming that no modifications occurred on this side chain. A

“
COyNe®

simple hydroxylation of the decalin ring system would result in
only one additional oxygen-bearing methine proton. The loss of
one double bond (from the UV spectrum) and the addition of a
single oxygen atom to result in two additional oxygen-bearing
methine protons suggest that an epoxide was formed. An authen-
tic reference standard of 3,4-8-epoxy-PV (mol wt = 440) was
available for comparison. Although the proton NMR was similar
to that of metabolite 6, there were substantial differences. The
COSY spectrum showed a pronounced cross peak between the
signal for the olefinic proton (6 6.27) and one of the oxygen-
bearing methine protons (5 3.98) on the decalin ring and another
pronounced cross-peak between the remaining two oxygen-bear-
ing methine protons on the ring system (6 3.73 and é 3.55),
indicating that these two pairs of protons were coupled. Based
on these results, we concluded that metabolite 6 was 5,6-epoxy-
3a-iso-PV. The stereochemistry of the epoxide group was not
established.

Metabolite 7. This metabolite had the same retention time as
3’(S)-OH-PV in HPLC system B (fig. 3). The UV spectrum of
metabolite 7 was also similar to that of 3/(S)-OH-PV (fig. 44).
The ion spray mass spectrum showed an intense ion at m/z 439
attributed to the (M — H)~ ion of a compound of molecular
weight 440, suggesting incorporation of an atom of oxygen into
the molecule. The daughter ion spectrum of the ion of m/z 439
was similar to that of authentic 3’(S)-OH-PV. Significant daugh-
ter ions are indicated in table 3. Metabolite 7 co-chromato-
graphed with authentic 3’(S)}-OH-PV in a reverse phase system
capable of separation of 3’(S)}-OH-PV from its diastereomer with
(R)-configuration at the 3’-position, which was also available as
an authentic reference standard. The NMR spectra of metabolite

N

." . “ co N ¢ co "Na *
mtco,vu ° 2 2
oM
“ /\r'\? 5 Oxidation "‘!/\H\Y ; Oxidation m,/%v ;
&;ﬁs
HO'
Desacyl-Pv (8) 7-0M-3a-150-PV (11)
ao-ho-w(c)
Oxidation & / Isomerization
Aromatization
“
L~ cOyne* ¥ .
Fi e <tomdston o, . nomentaion o, ~ I
o " . oy — o
™y CHy
MO
i Pravastatin Sodium (1)
Fisronev(n Oxodwona
B-Oxidation &
w-1 Oxidation Glucuron-
B-Oxidation idation
co,-u.‘
™ o (LT
)
Conjugate of ‘“s/\H\i' "
FIONIY e My Oy o-,
Tetranor ? (8) b- o
LY [

3(S)}-ON-PV
Tetranor (9)

FiG. 5. Biotransformation pathways for pravastatin in humans.

PV-Glucuronide (S) 3-Keto-3,6-diol (10)
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TABLE 3
Significant daughter ions from the parent (M — H)~ ions generated by
ion spray
Significant Daughter lons®
Compound Side Side Decalin ~
) Chain Ring (M -H)
Chain Loss Structure
PV (1Y 101 (100) 321 (8) 199 (1) 423 (64)
3/(S)-OH-PV (7) 117 (100) 321 (7) 199(1) 439 (46)
Triol (12)® 101 (43) 355(61) 233(7) 457 (100)
7-OH-3a-iso-PV (11) 101 (81) 337 (14) 215(100) 439 (50)
3-keto-5,6-diol (10) 101 (8) 353 (100) 231 (100) 455 (35)
3/(S)-OH-PV tetranor (9) 117 (100) 233 (1) 351(2)
Tetranor conjugate (8)° 117 (100) 233 (6) 601 (13)
PV-glucuronide (5)° 599 (100)
5,6-epoxy-3a-iso-PV (6) 101 (5) 337(6) 215(10) 439 (100)

% The intensity of each ion as a percentage of the base peak is indicated
in parentheses.

5 These reference standards were run to identify the characteristic
fragmentation pattern of these series of compounds.

€A 351 ion was a major ion in this spectrum (75% of the base peak)
and was attributed to an ion with the structure of the tetranor of 3'(S)-
OH-PV.

4 An intense 193 ion (32% of the base peak) indicative of a glucuronide
was observed.

7 and authentic 3’(S)-OH-PV were identical, confirming the
identity of metabolite 7 as 3'(S)-OH-PV.

Metabolite 8. The UV spectrum of metabolite 8 was similar
to that observed for PV (fig. 44), indicating a conjugated trans-
diene system present in the decalin ring. The ion spray mass
spectrum yielded negatively charged ions at m/z 455, 479, 497,
499, and 601. None of these, except the ion at m/z 601, appeared
to be related to PV when selected for MS/MS. The MS/MS
spectrum of the ion of m/z 601 gave significant daughter ions
m/z 351,233, and 117 (table 3). This latter ion suggests oxidation
of the 2-methylbutyryl side chain similar to that observed for
3’(S)-OH-PV. Except for the parent ion (m/z 601), the daughter
ion spectrum was similar to that of metabolite 9, which was
identified as the tetranor analog of 3'(S)-OH-PV, suggesting that
metabolite 8 was a conjugate of 3'(S)-OH-PV, with the loss of
the conjugating moiety (neutral loss of 250 amu) resulting in the
ion m/z at 351. Although impurities were evident in the proton
NMR spectrum of metabolite 8 (table 2), the spectrum was
similar to that of the tetranor of 3’(S)-OH-PV. Based on these
data, metabolite 8 appears to be an unknown conjugate of
metabolite 9 [tetranor of 3’(S)-OH-PV], although the identity of
the conjugating group could not be determined.

Metabolite 9. The UV spectrum of metabolite 9 was similar
to that observed for PV (fig. 44), indicating a conjugated trans-
diene system present in the decalin ring. The ion spray mass
spectrum showed an intense ion at m/z 351, attributed to the
(M — H) ion of a compound with a molecular weight of 352.
The MS/MS spectrum of metabolite 9 yielded an ion at m/z 117
indicative of hydroxylation of the 2-methylbutyryl side chain.
The daughter ion at m/z 233 resulted from the loss of this side
chain (table 3). The proton NMR was similar to that of 3’(S)-
OH-PV, with the exception that the signals for the oxygen-
bearing methines of the heptanoic acid side chain (Hs and H;)
were absent from the NMR spectrum. Based on these results, we
concluded that metabolite 9 was the tetranor analog of 3'(S)-
OH-PV.

Metabolite 10. The UV spectrum of metabolite 10 (fig. 4D)

was somewhat similar to that observed for PV (fig. 44), but
without the fine structure characteristic of the trans-diene system.
The ion spray mass spectrum showed an intense ion at m/z 455
attributed to the (M — H)™ ion of a compound with a molecular
weight of 456. The observed loss of 102 (m/z 101 ion) from the
parent to yield a daughter ion at m/z 351 in the MS/MS spectrum
indicated that the 2-methylbutyryl side chain was unchanged
(table 3). The intense daughter ion at m/z 231 was 2 amu less
than required by the addition of two oxygen atoms to the decalin
ring system of PV. The proton NMR showed two downfield
protons at 4 6.07 and 5.43. If the proton at § 5.43 is attributable
to the H; proton, then only one olefinic proton is present in this
compound. The three methyl groups were observed in the upfield
region of the NMR and the H; and H; oxygen-bearing methine
protons were clearly visible. Relative to the triol metabolite (10),
the 2-methyl group was shifted downfield by 0.26 ppm, indicating
a substantial change in the neighborhood of the 2-methyl group.
Based on these results, we concluded that metabolite 10 was the
3-keto-5,6-dihydroxy derivative of PV.

Metabolite 11. The UV spectrum of metabolite 11 was similar
to that observed for PV (fig. 44), indicating a conjugated trans-
diene system present in the decalin ring. The ion spray mass
spectrum showed an intense ion at m/z 439 attributed to the (M
— H)™ ion of a compound with a molecular weight of 440,
suggesting incorporation of an atom of oxygen into the molecule.
The daughter ion spectrum of the ion of m/z 439 showed ions
at m/z 101 and 215 (table 3), indicating that the oxygen atom
was incorporated into the decalin ring system. The proton NMR
spectrum was somewhat similar to that of 3a-iso-PV; the primary
difference was an additional signal in the midrange of the spec-
trum (6 4.12) attributed to an oxygen-bearing methine proton.
The COSY spectrum showed intense cross-peaks between the
proton at § 4.12 and the signals attributed to the Hs and H;
protons, confirming that the hydroxyl group was at the 7-posi-
tion. Based on these results, we concluded that metabolite 11
was 7-OH-3a-is0-PV. The stereochemistry at the 7-position was
not determined, but due to steric considerations the hydroxyl
would be expected to be 8- to the decalin ring system.

Metabolite 12. This metabolite had the same retention time as
the authentic triol reference standard in HPLC system B (fig. 3).
The UV spectrum (fig. 4B) and the proton NMR (table 1) were
identical to the triol. The FAB mass spectra showed ions at m/z
459 (M + H)* and 481 (M + Na)* in the positive mode and at
m/z (M — H)™ in the negative mode, indicating a compound of
molecular weight 458. This suggests the addition of two oxygen
and two hydrogen atoms to PV. The daughter ion spectrum
(MS/MS) of the ion of m/z 457 was the same as that of the
authentic triol. The proton NMR spectra of metabolite 12 and
the triol were also identical. These results confirmed the identity
of metabolite 12 as the triol metabolite of PV,

Discussion

The major drug-related component found in plasma, urine,
and fecal samples from healthy volunteers was intact PV. The
major metabolite of PV in humans, confirmed by isolation from
pooled urine samples, was 3a-iso-PV (2), which along with the
triol (12) and 6-epi-PV (3) had been previously identified as a
metabolite of PV in rats, dogs, monkeys, and humans (6, 7).
Serum and urinary concentrations of 3a-iso-PV and the triol
have been determined in clinical studies by a specific GC/MS
method (3, 10, 15). Because of the tendency of PV to isomerize
under acidic conditions (7), it is possible that both 3a-iso-PV
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and 6-epi-PV are generated from PV by a nonenzymic acid-
catalyzed reaction in the stomach before absorption from the
gastrointestinal tract. Both lovastatin and simvastatin, HMG-
CoA reductase inhibitors similar in structure to PV, are metab-
olized in vivo and in vitro to a 3a-hydroxylated product, analo-
gous to 3a-iso-PV (16-18). The formation of this 3a-hydroxyl-
ated product from lovastatin and simvastatin was attributed to
isomerization (via an allylic rearrangement) of the initially-
formed 6B8-hydroxylated metabolite under the acidic conditions
employed for the isolation. During all procedures used in the
present study, care was taken to minimize the exposure of PV
and its metabolites to acidic conditions, because of the acid-
catalyzed rearrangement possible with compounds of this general
structure (7). While PV and 3a-iso-PV were stable during all
procedures used for the isolation in the present study, metabolite
3 (6-epi-PV) was unstable and isomerized to the 3a-isomer during
the attempted isolation. The instability of 6-epi-PV relative to
PV and 3a-iso-PV can be explained by the stereochemistry and
the mechanism of the isomerization. The most likely mechanism
for the allylic rearrangement is as follows. First, the hydroxyl
group at the 6-position is protonated. Then, in a concerted, or
possibly in a step-wise fashion, a molecule of water is lost from
the 6-position and a hydroxyl ion (or a water molecule) attacks
the 3-position. The concerted mechanism would require only an
incipient carbonium ion at the 6-position, while the step-wise
mechanism would require generation of a full allylic carbonium
ion. The 6a-hydroxy group in 6-epi-PV is in a 1,3-diaxial inter-
action with the very large 2-methylbutyryl group. The steric
stress caused by this 1,3-diaxial interaction is relieved by the loss
of a molecule of water from the 6-position and provides a driving
force for the allylic rearrangement. The product of this re-
arrangement, 3a-iso-PV, has the hydroxy group on the opposite
side of the ring from the adjacent methyl group and the large
heptanoate side chain. The instability of the 68-hydroxylated
metabolites of lovastatin and simvastatin even under relatively
mild conditions (16-18) can be similarly explained. In addition
to the steric interaction between the 6a-methyl group the very
large 2-methylbutyryl group, the methyl group present in lovas-
tatin and simvastatin stabilize the incipient positive charge at the
6-carbon atom (3° carbonium ion) lowering the energy of the
transition state. For these reasons, and because of the larger size
of the methyl group relative to the hydroxyl group, the 68-
hydroxylated metabolites of lovastatin and simvastatin would be
expected to be even more prone to isomerization than 6-epi-PV
(2° carbonium ion).

A large number of other metabolites more polar than PV were
present in urine and plasma. The desacyl metabolite (4) has been
reported previously as a product that resulted from in vitro
incubations of PV with isolated rat hepatocytes (9). Evidence
was presented that this compound results from oxidation of the
68-hydroxy to a ketone followed by spontaneous aromatization.
Although no epoxides (e.g. 6) have been previously identified as
metabolites of PV either in vivo or in vitro, a 4a,5-8-epoxide of
PV has been implicated as an intermediate in the formation of
the triol and a glutathione conjugate (9).

Stereospecific w-1 oxidation of PV was found to result in the
formation of 3’(S)-OH-PV. Lovastatin also exhibited stereospe-
cific formation of an analogous metabolite when incubated with
rat or mouse liver microsomes, although the absolute chirality at
the 3’-position was not determined (17, 19). The methyl group
at the chiral center adjacent to the site of hydroxylation clearly
directs the stereospecificity of this reaction, as indicated by the

formation of both epimers of the 3’-hydroxylated metabolite
when simvastatin is incubated with rat liver microsomes (18).
Simvastatin possesses a 2,2-dimethylbutyryl side chain, while
lovastatin and PV both possess a 2-methylbutyryl side chain with
“S” stereochemistry at the 2-position; the additional methyl
group at the 2’-position in simvastatin removes this chirality.
Since the 2-methylbutyryl side chain of PV and lovastatin are of
the same chirality, these results suggest that the 3’-hydroxylated
metabolite of lovastatin possesses the “S™ absolute configuration
at the 3’-position similar to that observed for metabolite 7.

The tetranor of 3’(S)-OH-PV (9) was presumably formed via
two successive cycles of fatty acid g-oxidation of the heptanoic
acid side chain. g-Oxidation appears to be ubiquitous for this
class of compounds; a “pentanoic acid derivative” of lovastatin
and simvastatin was isolated from livers of rodents treated with
the hydroxy acid form of these HMG-CoA inhibitors. This
metabolite was suggested to result from one cycle of g-oxidation
followed by a reversal of the g-oxidation process, which resulted
in the loss of the é-hydroxy group (18). An analogous “pentanoic
acid derivative” of PV has been isolated from rat plasma, and
was present at lower concentrations in dog and monkey plasma,
after administration of PV (7).

The triol and desacyl-PV were inactive when tested as inhibi-
tors of HMG-CoA reductase, and 3a-iso-PV and 3’(S)-OH-PV
had negligible activity (2 and 6%, respectively) relative to PV.?
Only 6-epi-PV had any significant activity as an HMG-CoA
reductase inhibitor (80% activity relative to PV), but it was only
a minor metabolite of PV in humans. These results are consistent
with those of a clinical study that showed that most of the
inhibitory activity in serum after administration of PV was found
to correspond to the parent drug (20). This is in contrast to
lovastatin, where active metabolites other than lovastatin acid
accounted for a substantial portion of the inhibitory activity after
administration of lovastatin (20).
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