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ABSTRACT
Purpose To investigate the metabolism of phospho-aspirin
(PA, MDC-22), a novel anti-cancer and anti-inflammatory
agent.
Methods The metabolism of PA was studied in the liver and
intestinal microsomes from mouse, rat and human.
Results PA is rapidly deacetylated to phospho-salicylic acid
(PSA), which undergoes regioselective oxidation to generate
3-OH-PSA and 5-OH-PSA. PSA also can be hydrolyzed to
give salicylic acid (SA), which can be further glucuronidated.
PA is far more stable in human liver or intestinal micro-
somes compared to those from mouse or rat due to its
slowest deacetylation in human microsomes. Of the five
major human cytochrome P450 (CYP) isoforms, CYP2C19
and 2D6 are the most active towards PSA. In contrast to
PSA, conventional SA is not appreciably oxidized by the
CYPs and liver microsomes, indicating that PSA is a pre-
ferred substrate of CYPs. Similarly, PA, in contrast to PSA,
cannot be directly oxidized by CYPs and liver microsomes,
indicating that the acetyl group of PA abrogates its oxidation
by CYPs.
Conclusions Our findings establish the metabolism of PA,
reveal significant inter-species differences in its metabolic trans-
formations, and provide an insight into the role of CYPs in these
processes.

KEY WORDS cytochrome P450 . glucuronidation . liver
microsomes . phospho-aspirin . regioselective oxidation

ABBREVIATIONS
ASA acetylsalicylic acid (aspirin)
CES carboxylesterases
CYP cytochrome P450
DFP diisopropyl fluorophosphate
HLM human liver microsomes
MLM mouse liver microsomes
RLM rat liver microsomes
PA phospho-aspirin
PSA phospho-salicylic acid
SA salicylic acid

INTRODUCTION

Aspirin (acetylsalicylic acid, ASA) is the most commonly used
non-steroidal anti-inflammatory drug for relieving pain, inflam-
mation and fever (1). ASA also reduces the risk of various
cancers including those of colon, stomach, lung and breast (2).
While it was originally thought that ASA suppressed carcino-
genesis via the inhibition of cyclooxygenase-2 (COX-2), recent
studies revealed that COX-independent mechanisms are also
involved (3). For example, ASA inhibits tumor growth by di-
rectly inducing apoptosis in cancer cells through alteration of
theMcl-1/Noxa balance (4), and suppresses tumor angiogenesis
by reducing angiogenic factor secretion by cancer cells (5).

Chemoprevention of cancer requires long-term drug pre-
scription in otherwise healthy individuals and thus drug safety
is paramount. Although widely used, ASA is not risk-free; it
increases the risk of hemorrhagic stroke and gastrointestinal
bleeding (6,7). Mechanistically, ASA covalently modifies and
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inactivates COX, thus reducing prostaglandin synthesis (8).
These considerations prompted us to chemically modify ASA
at its –COOH group to generate phospho-aspirin (PA,MDC-
22), which consists of ASA to which two diethylphosphate
groups are covalently bound via a glycerol spacer (Fig. 1a).
Indeed, PA is highly efficacious in the treatment of cancer and
arthritis in preclinical animal models, and shows much less
gastrointestinal toxicity than ASA (9,10).

Drug metabolism plays a key role in defining the efficacy
and toxicity of drugs. Preclinical data on differences in drug
metabolism between animals and humans help predict phar-
macological outcomes in humans. Here, we investigated the
metabolism of PA in vitro and vivo. In addition to defining its
major metabolic pathways, our results reveal significant inter-
species differences in PA metabolism, and provide an insight
into the interactions of PA and its metabolites with human
cytochrome P450s (CYPs).

MATERIALS AND METHODS

Reagents

PA was provided by Medicon Pharmaceuticals, Inc. (Stony
Brook, NY). 3-OH-SA, 5-OH-SA, ASA acyl glucuronide, SA
phenolic glucuronide and diisopropyl fluorophosphate were
purchased from Toronto Research Chemicals (Toronto,

Canada). ASA, SA, porcine liver esterases were purchased from
Sigma-Aldrich (St. Louis, MO). SA acyl glucuronide was pur-
chased from LC Scientific Inc. (Concord, ON, Canada).
Mouse, rat and human liver microsomes, NADPH regenerat-
ing solution and UGT reaction solution were purchased from
BD Biosciences (San Jose, CA). Mouse, rat and human intesti-
nal microsomes, and mouse hepatocytes were purchased from
XenoTech LLC (Lenexa, KS).

HPLC-UV Analysis

The HPLC system consisted of a Waters Alliance 2695 Sep-
arations Module equipped with a Waters 2998 photodiode
array detector (236 nm) and a Thermo Hypersil BDS C18
column (150×4.6 mm, particle size 3 μm). The mobile phase
consisted of a gradient between aqueous phase (Trifluroacetic
acid, CH3CN,H2O [0.1:4.9:95 v/v/v]) and CH3CN at a flow
rate of 1 ml/min at 30°C. A gradient elution from 0% to
100% CH3CN from 0 to 15 min was applied and maintained
at 100% CH3CN until 18 min.

LC-MS/MS Analysis

The LC-MS/MS system consisted of Thermo TSQQuantum
Access (Thermo-Fisher, San Jose, CA) triple quadrupole mass
spectrometer interfaced by an electrospray ionization probe
with an Ultimate 3000 HPLC system (Dionex Corporation,
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Fig. 1 Metabolism of PA by liver
microsomes. (a) The structure of
PA is shown; the shaded part of the
molecule corresponds to the
conventional aspirin. (b) HPLC
chromatogram of an extract of rat
liver microsomes incubated with
PA for 30 min. (c) Major metabolic
pathway of PA in liver microsomes.
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Sunnyvale, CA). Chromatographic separations were achieved
on a Luna C18 column (150×2 mm), and the mobile phase
consisted of a gradient from 10% to 95% CH3CN.

Phase I Metabolism of PA in Liver and Intestinal
Microsomes

PA was pre-incubated at 37°C for 5 min with NADPH-
regenerating solution (1.3 mM NADP, 3.3 mMD-glucose 6-
phosphate, 3.3 mM MgCl2, and 0.4 U/ml glucose-6-
phosphate dehydrogenase) in 0.1 M potassium phosphate
buffer (pH 7.4). The reaction was initiated by the addition of
liver microsomes (protein concentration 0.5 mg/ml) or in-
testinal microsomes (protein concentration 0.25 mg/ml) and
samples were maintained at 37°C for various time periods.
At the end of the incubation, 0.1-ml aliquots were mixed
with 0.2 ml of CH3CN, vortexed and centrifuged for 10 min
at 13,000 × g. The supernatants were subjected to HPLC
analysis. The HPLC peaks corresponding to each metabo-
lite were collected, and subjected to LC-MS/MS analysis.

To determine the kinetic parameters for PA metabolites
formed in liver microsomes, PA was studied in serial dilu-
tions from 400 to 4 μM. PA at each concentration was
incubated with 0.5 mg/ml liver microsomes at 37°C for
10 min. After extraction with CH3CN, the metabolites of
PA were analyzed by HPLC. The kinetic parameters Km

and Vmax were obtained using GraphPad Prism version 5.0.

Metabolism of PA by Mouse Hepatocytes

Cryopreserved mouse hepatocytes were thawed and incubated
following the manufacturer’s protocol. Briefly, hepatocytes
were incubated with PA in 24-well tissue culture plates at a
density of 2.5×105 cells/well in 5% CO2 at 37°C. At the
designated time-points, the cells were mixed with 2-fold vol-
ume of acetonitrile to stop the reaction. After centrifugation,
the supernatants were analyzed by HPLC.

Stability of PA in Liver and Intestinal Microsomes

The half-life (t1/2) of PA was determined by non-linear
regression analysis in a one-phase decay model using
GraphPad Prism version 5.0. Intrinsic clearance (CLint) of
PA was calculated using the formula CLint0 (0.693/t1/2) ×
(V/P), where V is the incubation volume, and P is the mass
of microsomal proteins in the incubation mixture (11).

The Metabolism of PSA by Human CYP Isoforms

PSA was pre-incubated at 37°C for 5 min with an NADPH-
regenerating solution in 0.1 M potassium phosphate buffer
(pH 7.4). The reaction was initiated by the addition of indi-
vidual recombinant human CYP isoforms (25 pmol/ml) in a

total volume of 1 ml and samples were maintained at 37°C for
various time periods. At each designated time-point, an ali-
quot was mixed with a 2-fold volume of CH3CN, vortexed
and centrifuged for 10 min at 13,000 × g. The supernatants
were subjected to HPLC analysis.

Glucuronidation of PA by Liver Microsomes

PA was pre-incubated at 37°C for 5 min with UGT reaction
solution (UDP glucuronic acid 2 mM, alamethicin 25 μg/ml
and MgCl2 8 mM) in 50 mM Tris-HCl buffer (pH 7.5). The
reaction was initiated by the addition of liver microsomes
(protein concentration 0.5 mg/ml) and samples were main-
tained at 37°C for various time periods. At each designated
time point, aliquots were mixed with 2-fold volume of
CH3CN, vortexed, and then centrifuged for 10 min at
13,000 × g. The supernatants were then subjected to HPLC
analysis.

Metabolism of PA in Rats

Rats were administered orally by gavage equimolar PA or
ASA (0.2 mmol/kg) in corn oil and were sacrificed 1 h post-
dosing. Blood from the sacrificed animals was collected and
immediately centrifuged. The resulting plasma was depro-
teinized by immediately mixing it with a 2-fold volume of
CH3CN, and the supernatants were subjected to HPLC
analysis.

Statistical Analysis

Results were analyzed using the Student’s t-test; p≤0.05 was
considered statistically significant.

RESULTS

Phase I Metabolism of PA by Liver Microsomes
and Hepatocytes

Initially, we explored and compared the metabolism of PA
by mouse liver microsomes (MLM), rat liver microsomes
(RLM) and human liver microsomes (HLM). Three major
metabolites of PA (phospho-salicylic acid [PSA], 3-OH-PSA
and 5-OH-PSA) are readily detected in PA-treated liver
microsomes (Fig. 1b). This result indicates that PA can be
readily deacetylated at its ASA moiety to form PSA, which
undergoes regioselective oxidation to form 3-OH-PSA and
5-OH-PSA (Fig. 1c).

The metabolites were identified by LC-MS/MS analysis
(Fig. 2). The mass spectrum of PSA showed a [M+Na] + ion
at m/z 507, which was further fragmented to generate m/z
387 and 353 (Fig. 2). The mass spectrum of both 3-OH-PSA
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and 5-OH-PSA showed a [M+Na]+ ion at m/z 523. This
ion was fragmented at its carboxylic ester bond to generate
m/z 387, which further generated m/z 369 upon loss of a
water molecule. The position of the –OH group in 3-OH-
PSA and 5-OH-PSA was determined by treatment with
porcine liver esterases, which hydrolyzed 3-OH-PSA and
5-OH-PSA to release 3-OH-SA and 5-OH-SA, respectively.

The level of PA in liver microsomes decreased rapidly
due to its rapid deacetylation to form PSA (Fig. 3a). Five
minutes after the reaction, 29%, 56% and 68% of PA was
deacetylated by human, rat and mouse liver microsomes,
respectively, indicating that the deacetylation rate of PA by
liver microsomes increased in the order: human<rat<
mouse. As a result, PA was by far the most stable in HLM
as evidenced by its longest half-life (t1/2) and slowest intrinsic
clearance (CLint) in HLM (Table I). We also determined the
kinetic parameters of the major metabolites of PA by liver
microsomes (Table II). These data support that the deace-
tylation of PA, regardless of the species, is the most efficient
reaction in PA metabolism by liver microsomes.

The levels of the 3-OH-PSA and 5-OH-PSA generated
in HLM were much lower than those in MLM and RLM
during the entire period of observation (Fig. 3a), indicating
that the oxidation of PSA is the slowest in HLM. PSA
displayed a similar kinetic behavior in MLM and RLM: its
level reached peak value within ~5 min, and subsequently
decreased due to its rapid oxidation. In contrast, the level of

PSA increased continuously in HLM (Fig. 3a), reflecting the
slow deacetylation of PA and the slow oxidation of PSA in
HLM.

PSA, 3-OH-PSA and 5-OH-PSA also can be further
hydrolyzed at their carboxylic ester bond (which links an
SA moiety to a glycerol phosphate moiety) to give salicylic
acid (SA), 3-OH-SA and 5-OH-SA, respectively. Twenty
hours after the reaction, the hydrolysis of PSA, 3-OH-PSA
and 5-OH-PSA was essentially complete in MLM; whereas
the majority of these metabolites are still present in HLM
and RLM, indicating that the carboxylesterase activity is the
highest in MLM.

In contrast to PSA, conventional SA and ASA were not
appreciably oxidized by liver microsomes of the three species
under the same experimental conditions, indicating that PSA
is a preferred substrate of the oxidative enzymes compared to
conventional SA and ASA.

To determine whether PA can be directly oxidized by liver
microsomes, we pre-treated MLM with diisopropyl fluoro-
phosphate (DFP) at 200 μM to abrogate its esterase activity,
and evaluated the oxidation of PA versus PSA by DFP-treated
MLM. In contrast to PSA, PA was not appreciably metabo-
lized. Thus, PA cannot be directly oxidized by liver micro-
somes, and deacetylation of PA to PSA is required for its
subsequent oxidation by liver microsomes.

We also examined the metabolism of PA by mouse hep-
atocytes. Similar to the case with liver microsomes, PA was

a b c

Fig. 2 Identification of PA metabolites by liver microsomes. (a) Top, MS spectrum of PSA. Bottom, MS/MS spectrum of the major fragments of PSA ion. (b)
Top, MS spectrum of 3-OH-PSA. Bottom, MS/MS spectrum of the major fragments of 3-OH-PSA ion. (c) Top, MS spectrum of 5-OH-PSA. Bottom, MS/MS
spectrum of the major fragments of 5-OH-PSA ion.
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rapidly deacetylated to form PSA, which was subsequently
oxidized and hydrolyzed to give 5-OH-PSA and SA, respec-
tively (Fig. 3b). Minimal levels of 3-OH-PSA were also
detected (not shown).

Phase I Metabolism of PA in Intestinal Microsomes

Since the small intestine also plays an important role in the
first-pass metabolism of orally ingested xenobiotics (12), we
next examined the metabolism of PA by the intestinal
microsomes from mouse, rat and human. PA was rapidly
deacetylated to form PSA, which undergoes oxidation and
hydrolysis reactions to form 5-OH-PSA and SA, respective-
ly (Fig. 4). 3-OH-PSA was undetectable in PA-treated intes-
tinal microsomes. PA was by far the most stable in human
intestinal microsomes among the three species as evidenced

by its longest t1/2 and slowest CLint (Table I). All three
metabolic reactions (deacetylation, hydrolysis and oxidation)
are much slower in intestinal microsomes compared to those
in liver microsomes, and thus, PA was far more stable in
intestinal microsomes than in liver microsomes (Table I).

Glucuronidation of PA in Liver Microsomes

Glucuronidation is an important phase II conjugation for
most NSAIDs. We examined the metabolism of PA in the
presence of UDP-glucuronic acid in liver microsomes. PA
was deacetylated to form PSA, which was further hydro-
lyzed to form SA (Fig. 5a). The resulting SA was glucuroni-
dated at its –COOH and phenolic –OH group to form its
acyl and phenolic glucuronide, respectively, with the former
being more abundant (Fig. 5b).

Since NADPH was not present in this reaction system,
there was no oxidation of PSA. Regardless of the presence of
NADPH, the stability of PA in liver microsomes decreased
in the order: human>rat>mouse (Fig. 5a). The level of PSA
plateaued after it reached its peak value at ~5 min in RLM
and HLM. In contrast, PSA level decreased markedly dur-
ing the same period of time in MLM (Fig. 5a), reflecting the
rapid hydrolysis of PSA to SA in MLM.

To determine whether PA can be directly glucuroni-
dated, we evaluated the glucuronidation of PA in DFP-

b

aFig. 3 Kinetics of PA metabolism
by liver microsomes and
hepatocytes. (a) Timecourses of
the levels of PA and its metabolites
formed in liver microsomes from
mouse, rat or human. PA at
200 μM was incubated with liver
microsomes and an NADPH-
regenerating solution at 37°C for
up to 3 h. PA and its metabolites
were extracted at the designated
time points and assayed as de-
scribed in Methods. (b) Time-
course of the levels of PA and its
metabolites formed in mouse
hepatocytes.

Table I The Stability (t1/2 and CLint) of PA in the Liver and Intestinal
Microsomes from Mouse, Rat and Human

Liver Intestine

t1/2min CLint ml/min/g t1/2min CLint ml/min/g

Mouse 2.4 567 199 14

Rat 3.2 433 119 23

Human 28.2 49 486 6
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treated MLM. As shown in Fig. 5c, the hydrolysis of PA
was abrogated by DFP, and no glucuronide metabolites
were detected; in contrast, SA was glucuronidated to
form its acyl and phenolic glucuronides. Thus, the pres-
ence of free phenolic -OH and –COOH group in SA are
required for its phenolic and acyl glucuronidation,
respectively.

Regioselective Oxidation of PSA by Human CYPs

Given the significant oxidation of PSA in liver and intes-
tinal microsomes that contain a full complement of cyto-
chrome P450s (CYPs), we evaluated PSA oxidation by five
major human CYPs. CYP 2C19 and 2D6 were the most
active towards PSA, whereas CYP1A2 was inactive
(Fig. 6). In contrast to PSA, conventional SA and ASA
were not appreciably oxidized by the human CYPs under

the same experimental conditions, indicating that PSA is
the preferred substrate of CYPs. This result is consistent
with our observation that SA or ASA was not oxidized in
liver microsomes.

The Metabolism of PA in Rats

We administered orally equimolar amounts of PA or ASA to
rats, and sacrificed them 1 h post-dosing. The only metab-
olite detected in the rat plasma was SA. The striking differ-
ence in PA metabolite profile in vivo and in vitro reflects the
high abundance of carboxylesterases in rats. Similar to our
finding, a nitric oxide derivative of ASA generated SA as its
only detectable metabolite in rat plasma (13).

Interestingly, ASA generated 3.1 times higher SA level in
rat plasma than PA, with their difference being statistically
significant (P<0.01; Fig. 7). This result is consistent with our

Table II Kinetic Parameters for the Metabolites of PA Generated in Liver Microsomes from Mouse, Rat and Human

Mouse Rat Human

Metabolite Km Vmax Vmax/Km Km Vmax Vmax/Km Km Vmax Vmax/Km
μM pmol/mg/min ml/g/min μM pmol/mg/min ml/g/min μM pmol/mg/min ml/g/min

PSA 77 32,820 426 122 39,720 326 95 9,320 98

5-OH-PSA 17 1,360 80 9 1,720 185 46 620 13

SA 3 420 140 Not Detected 2 64 38

Fig. 4 Kinetics of PA metabolism
by intestinal microsomes. Levels
of PA and its metabolites as a
function of time in PA-treated in-
testinal microsomes of mouse, rat
or human. PA at 200 μM was
incubated with intestinal micro-
somes and NADPH-regenerating
solution at 37°C for up to 3 h. PA
and its metabolites were
extracted at the designated time
points and assayed as described in
Methods
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previous observations that phospho-compounds generate
lower drug levels in plasma compared to their parent com-
pounds (14,15), suggesting that this is a common feature of
this class of compounds.

DISCUSSION

The present study establishes the metabolic pathways of PA.
As illustrated in Fig. 8, PA undergoes the following meta-
bolic reactions: 1) deacetylation at its ASA moiety to form
PSA; 2) regioselective oxidation of PSA to form 3-OH-PSA
and 5-OH-PSA; 3) hydrolysis of the carboxylic ester bond in
PA, PSA, 3-OH-PSA and 5-OH-PSA to give the
corresponding free acids; and 4) glucuronidation of ASA and
SA to form glucuronide conjugates.

An important chemical feature of PA is the presence of
two ester bonds, an acetyl ester bond and a carboxylic ester
bond. Their hydrolysis has profound pharmacological sig-
nificance, as the breakdown of PA to its individual

a

b c

Fig. 5 Glucuronidation reactions of PA by liver microsomes. (a) Levels of PA and its hydrolysis metabolites as a function of time in PA-treated liver
microsomes of mouse, rat or human. PA at 200 μM was incubated with liver microsomes and UDP-glucuronic acid at 37°C for up to 5 h. PA and its
metabolites were extracted at the designated time points and assayed as described in Methods. (b) Time course of the levels of SA glucuronides in PA-
treated liver microsomes. (c) HPLC chromatogram of the glucuronidation of PA (dotted line) or SA (solid line) in DFP-treated MLM 1 h after the reaction.

Fig. 6 Oxidation kinetics of PSA by human CYP isoforms. PSA at 200 μM
was incubated with individual human CYP isoforms and NADPH-
regenerating solution at 37°C for up to 7 h. The oxidized products were
extracted at the designated time points and assayed by HPLC.

Fig. 7 Drug levels in PA- or ASA-treated rat plasma upon peroral admin-
istration. Equimolar PA or ASA at 0.2 mmol/kg in corn oil was administered
to rats orally by gavage. Drug level in plasma was determined by HPLC, as
described in Methods. *P<0.01.
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constituents attenuated its anti-cancer potency (16). Non-
specific carboxylic ester hydrolases are classified into acety-
lesterases, carboxylesterases and arylesterases based on their
substrate specificity. Definitions of these enzymes support
that acetylesterases primarily catalyze the deacetylation of PA
to PSA, whereas carboxylesterases catalyze the hydrolysis of
the carboxylic ester bond.

Deacetylation of PA to PSA is a rapid process, essentially
accounting for the instability of PA. PA was far more stable in
human liver and intestinal microsomes compared to those
frommouse and rat, due to the slower deacetylation in human
microsomes. PA was deacetylated more rapidly in MLM than
RLM, but the opposite was true in intestinal microsomes.
These results reflect the differences in isoform composition
and expression of acetylesterases among different species and
organs, as previously shown (17,18).

Compared to the deacetylation of PA, hydrolysis at its
carboxylic ester bond is much slower. This is also reflected
in our observation that ASA (in contrast to PSA) was unde-
tectable in PA-treated liver microsomes. There are two
major isoforms of carboxylesterases (CES), CES1 and

Fig. 8 The metabolic pathways
of PA in vitro and in vivo. PA is
rapidly deacetylated at its ASA
moiety to form PSA. The
resulting PSA undergoes
regioselective oxidation to form
3-OH-PSA and 5-OH-PSA,
which can be hydrolyzed to re-
lease 5-OH-SA and 3-OH-SA,
respectively. PA also can be hy-
drolyzed at its carboxylic ester
bond to release ASA, which can
then be deacetylated to form SA.
ASA and SA can be glucuroni-
dated to form their acyl glucuro-
nides. SA also can form its
phenolic glucuronide.

Table III Comparison of Lipophilicity of PA and its Metabolites

LogP HPLC Retention Time, min

PA 3.5 10.2

PSA 3.7 10.8

ASA 1.2 7.1

SA 2.3 8.0

Log P (P is octanol-water partition coefficient) is determined using ChemDraw
7.0
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CES2, with complementary substrate selectivity. CES1
hydrolyzes esters with a large acyl moiety, whereas CES2
hydrolyzes those with a small acyl group. Consistent with
this notion, the hydrolysis of PA at its carboxylic ester bond
is attributed essentially to CES2 (16). Thus, the strong CES2
expression in mouse liver (19) likely accounts for the potent
hydrolysis of the carboxylic ester bond in MLM.

PSA also undergoes CYP-mediated regioselective hy-
droxylation at its SA moiety, which is far more rapid in
MLM and RLM than HLM. Its minimal oxidation in HLM
is reflected by the activity and selectivity of PSA oxidation
by human CYPs. CYP2C19 and 2D6, the active isoforms
towards PSA, account for only 4% and 2% of the total
CYPs in human liver, respectively (20). It will be of interest
to further identify which CYP isoforms in mouse and rat
liver efficiently oxidize PSA.

In contrast to PSA, conventional SA and ASA were not
appreciably oxidized by CYPs in liver microsomes, indicat-
ing that PSA is a preferred substrate of CYPs. PSA is more
lipophilic than SA and ASA (Table III); substrate lipophi-
licity is highly correlated with their binding affinity to CYPs
(21). The altered acidity of PSA is another critical factor to
its binding by CYPs, as CYPs generally prefer neutral or
basic substrates (22). Thus, the phospho-modification pro-
motes the binding of PSA to CYPs by enhancing its lip-
ophilicity and masking the -COOH group.

PA, in contrast to PSA, cannot be directly oxidized by
CYPs in liver microsomes, indicating that the acetyl group
of PA abrogates its oxidation by CYPs. We propose that the
acetyl group of PA induces steric hindrance and blocks the
access of PA to the active site of CYP. In support of this
hypothesis, it has been shown that the acetylene group of
butylphenylacetylene abrogates CYP-mediated oxidation by
steric hindrance (23).

Glucuronidation plays an important role in the detoxifica-
tion and elimination of lipophilic xenobiotics (24). While SA
can be glucuronidated at its free –COOH and phenolic –OH
groups, PA cannot. Glucuronidation is an SN2 reaction in
which a nucleophilic substrate attacks the electrophilic C-1
atom of glucuronic acid (25). The free -COOH and phenolic -
OH groups of SA are both acidic and easily deprotonated to
form anions, which act as strong nucleophiles in SN2
reactions.

The metabolic fate of PA has important implications for
its efficacy and safety. Given the strong carboxylesterase
activity in rodents, it is not surprising that intact PA or
PSA could not be detected following the oral administration
of PA in rats. Interestingly, it has been shown that carbox-
ylesterase activity is much lower in human blood than in
mouse or rat blood (26). It is conceivable that PA would be
considerably more stable in human liver, intestine and blood
compared to the corresponding ones from mouse or rat.
Since intact PA possesses a greater anticancer activity than

its hydrolysis products (16), the higher stability of PA in
humans may lead to even stronger anti-cancer efficacy com-
pared to that in laboratory rodents.

On the other hand, equimolar doses of PA generated
over 3-fold lower levels of SA in rat plasma compared to
ASA. Thus, PA reduces the systemic exposure of SA in
blood, which is a favorable factor in terms of safety. Fur-
thermore, the high susceptibility of PSA to CYP-mediated
oxidation in microsomes supports its rapid clearance and
detoxification in vivo, which likely contributes to the im-
proved safety of PA (9).

CONCLUSIONS

PA undergoes extensive metabolic transformations in vitro
and in vivo, generating an array of metabolites. Our results
reveal significant inter-species differences in PA metabolism,
and provide an insight into the interactions of PA and its
metabolites with CYPs.
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