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Protocatechuic acid (PA), a structurally typical phenolic acid in danshen, shows anti-angina
efficacy. But until now, besides scavenging of oxygen free radicals, the understanding of its
anti-angina mechanism has been limited. In our study, based on a novel metabolic route of
PA identified in rat heart and its influence on fatty acid oxidation (FAO), we proposed a new
mechanism for its anti-angina. In detail, three metabolites, catechol methylated metabolite,
acyl-coenzyme (CoA) thioester and glycine conjugation, were identified in rat heart. A novel

Keywords:

Protocatechuic acid metabolic pathway was confirmed based on several metabolic systems incubated with heart
mitochondria, cytosol, microsomes and homogenate. Results indicated that PA was firstly
methylated in microsomes and cytosol, which was regarded as the prerequisite step for

further metabolism and could be inhibited by tolcapone, and then the resulting methylated

Metabolism
Fatty acid oxidation
Anti-angina
metabolite (vanillic acid) diffused into mitochondria where it was converted into acyl-CoA
thioester, in similar with FAO. In addition, part of the acyl-CoA thioester was transformed
into glycine conjugation, a step also localized within mitochondria. Furthermore, based on
isolated rat heart perfusion, it was found that PA markedly decreased FAO, which was
shown by higher residual fatty acid level in perfusate (p < 0.05) and lower acy-CoA/CoA ratio
in heart (p < 0.05). The FAO inhibiting effect of PA could be largely reversed by its methyla-
tion inhibitor tolcapone, indicating the effect was closely related with the identified meta-
bolic pathway of PA in heart. The decrease of FAO may switch heart energy substrate
preference from fatty acid to glucose, which is beneficial for ischemia heart.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction angiotensin-converting enzyme inhibitors, all of them were

reported to be subject to cytochrome P450-dependent oxida-

Although not as abundant as in liver, enzymes in heart
mediating exogenous or endogenous substances metabolism
have been widely reported [1,2]. Many researches have
implicated the association of cytochrome P450 with heart
pathology and pharmacology [3,4]. For drugs in treatment of
heart diseases, including p-blockers, calcium antagonists, and
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tions. Thus, investigating their metabolism in heart will be
very important to understand their efficacy and toxicity, such
as verapamil [5] and dexrazoxane [6]. Although substantial
numbers of herbal drugs are prescribed for heart diseases,
such as salvia miltiorrhiza (danshen) and Radix notoginseng, little
was known about their metabolism in heart. In our opinion,
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the investigation of these herbal drugs metabolism in heart
may be helpful to understand their pharmacology or toxicol-
ogy.

Danshen is a well-known Chinese herbal medicine and is
used in clinics in China for angina pectoris and myocardial
infarction [7,8]. Chemical constituents study generally divided
the compounds in danshen into two groups, phenolic acids
(hydrophilic) and diterpenoid tanshinones (lipophilic) [9]. For
many years, the lipophilic compounds were regarded as the
main contributing factors to danshen activities. Recently,
these phenolic acids gained more attention as a large pool of
natural antioxidants [10]. Especially in Danshen Injection (a
danshen prescription), phenolic acids account for more than
90% of the constituents and nearly no lipophilic constitutes
were detected [11]. Thus, the anti-angina efficacy of Danshen
Injection should mainly contribute to these phenolic acids.
Protocatechuic acid (PA), an active and typical phenolic acid in
danshen, has shown obvious anti-angina effect [12,13].
Structurally similar with other phenolic acids in danshen,
PA contains catechol group in benzene ring and carboxylic
acid in side chain. Metabolism study indicated that these
phenolic acids mainly underwent phase II reaction including
methylation, glucuronidation, and sulfonation [14]. Recently,
we accidentally found a glycine conjugative metabolite of PA
in rat heart, a metabolite that was evidenced to only form
within mitochondria according to previous reports [15,16].
Considering that coenzyme (CoA) thioesters formation is an
obligatory step in the course of glycine conjugation, we
supposed that there was some association between PA
metabolism and heart fatty acid oxidation (FAO), because
they both occur in mitochondria and need assistance of CoA
factor. Additionally, a body of evidence has convincingly
demonstrated that FAO reduction is beneficial for ischemia
heartbecause it shifts heart energy substrate from fatty acid to
glucose and enhances the oxygen utilizing efficiency for
adenosine triphosphate (ATP) production [17,18]. The inter-
esting and significant presumption promoted us to investigate
the metabolic route of PA in heart and evaluate its relevance to
heart FAO.

The present study was designed to investigate PA meta-
bolism in rat heart in vivo and in vitro. The related metabolites
were characterized and a novel metabolic pathway was
identified based on several metabolic systems incubated with
heart cytosol, microsomes, mitochondria and homogenate.
Furthermore, the relevance of the metabolic pathway with
FAO was also evaluated by isolated heart perfusion assay and
a new mechanism for its anti-angina efficacy was proposed.

2. Materials and methods
2.1. Materials

Protocatechuic acid (PA, purity 98%) was gained from Qinze
(Nanjing, China). Glycine, dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), benzoic acid and LiOH were
purchased from Wanging (Nanjing, China). Vanillic acid (VA,
purity 98%), adenosine triphosphate (ATP), CoA, acyl-CoA,
salicylsulfonic acid, palmitic acid, 2-phenylpropionic acid, s-
adenosylmethionine (SAM), pivalic acid and dithiothreitol

(DTT) were all supplied by Sigma-Aldrich (St. Louis, MO).
Tolcapone and ranolazine (purity 99%) were both supplied by
Qilu (Jinan, China). Triton X-100, ethylenediamine tetraacetic
acid (EDTA), Tris-HCl and hydroxyethyl piperazine ethane-
sulfonic acid (HEPES) were all obtained from Shengxing
(Nanjing, China). Benzylpenicillin was purchased from Xian-
sheng (Nanjing, China). Chloral hydrate, heparin and benzoic
acid all gained from Nanjing Chemical Co. Ltd (Nanjing,
China). All the other chemicals and solvents were of analytical
grade. Free fatty acid kit and Coomassie Brilliant Blue R-250
Staining Solutions Kit were supplied by Jiancheng (Nanjing,
China).

Analysis was conducted on a Shimazu LC-DAD-ESI/MS
system which was coupled with Photodiode array detector and
a 2010EV quadrupole mass spectrometer equipped with an ESI
interface. The LC-MS/MS analysis was performed using a
Shimazu LC-10AD HPLC system and API 3200 triple-quadru-
pole mass spectrometer equipped with turbo ion-spray inter-
face (Foster City, CA, USA). Solid-phase extraction column was
carried on HLB Cartridges and provided by Waters (Massa-
chusetts, USA). Langendorff perfusion apparatus was pro-
vided by clinical pharmacology department of China
Pharmaceutical University.

2.2. Animals

Male Sprague-Dawley rats (250-300 g) were purchased from
China Pharmaceutical University (Nanjing, China) and main-
tained in a controlled housing environment with 12-h light/
dark cycles and received standard laboratory chow and water
ad libitum. Rats were acclimated (for at least 3 days) to the
housing condition before experiments. All animal use was
approved by China Pharmaceutical University on Animal
Research and we tried our best to minimize the stress of rats.

2.3.  Vanilloyl-glycine synthesis

Vanilloyl-glycine was synthesized according to previous
method with some modifications [19]. Briefly, glycine methyl
ester was firstly synthesized with glycine and methanol in
dichloride. Then the glycine methyl ester was conjugated with
VA in DMAP containing DCC. The methyl ester product was
purified on silica gel column and then hydrolyzed by LiOH. The
product was identified as vanilloyl-glycine by MS/MS and
proton nuclear magnetic resonance spectroscopy (‘H NMR)
(ACF-300 Bruker, Germany) in deuterochloroform. The pre-
dominant product ion was at m/z [M-H]~ 224 and a series of
product ions were at m/z 180 (224-44), 165 (224-59), 123 (224~
101) and 100 in the MS? spectrum of the molecular ion. *'H NMR
data showed corresponding signals as -NH-CH»—(s, 4.11), -
OCH; (s, 3.71).

2.4.  PA metabolites identification in rats

Rats were intravenously administrated of 20 mg/kg PA
through femoral vein. After 30 min, rats were scarified by
dislocation. Tissues (heart and liver) and blood were imme-
diately gained. The tissues were washed with ice-cold saline
and quickly frozen in liquid nitrogen. Plasma was prepared by
4000 g x 5 min centrifugation of blood and stored at —20 °C
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Table 1 - Heart subcellular fraction incubated in four metabolic systems.

Systems Heart subcellular fractions

Homogenate Mitochondria Cytosol Microsomes
1 Methylation® J (PAP J (PA) J (PA)
2 CoA conjugation® \ (PA +VA) J (PA + VA) J (PA +VA)
3 Glycine conjugation \/ (VA + PA)
4 CoA conjugation + glycine \/ (VA +PA)

‘/" indicated experiment conducted; PA and VA represented protocatechuic acid and vanillic acid, respectively; all experiments were
conducted at drug concentration of 20 pM; each fraction was carried out in concentration of 2 mg protein/ml.
# Indicated that all the experiments were conducted in another group with tolcapone (2 pM).

b Referred to the drug incubated for metabolism.

¢ Indicated that all the experiments were conducted in another group with pivalic acid (10 pM).

until analysis. In addition, another six rats were intraper-
itoneally (i.p.) injected of tolcapone (10 mg/kg, a typical
catechol-O-methyltransferase (COMT) inhibitor) 10 min prior
to PA administration. The metabolie vanilloyl-glycine and PA
were both quantified in tissues and compared between groups
with and without tolcapone pretreatment.

For samples analysis, frozen tissues were homogenized in
saline at 1:2 (g/ml). The tissues homogenate and plasma were
prepared according to previous method [14] and analyzed by
HPLC-DAD-MS. For possible acyl-CoA thioester formation, we
prepared samples mainly followed previously reported
method [20].

2.5. Studies of PA metabolism in heart subcellular
fractions

2.5.1.  Subcellular fractionation

Heart homogenate preparation, heart mitochondria, cytosol
and microsomes were prepared according to method
described by Tracy [21]. Each fraction was carried out in
concentration of 2 mg protein/ml.

2.5.2. Incubation systems

System 1: COMT-mediated O-methylation system. The reac-
tion mixtures consisted of Tris-HCI buffer 50 mM (pH 7.4),
MgCl, 4 mM, SAM 200 mM and experiments were carried out
according to previous report [22].

System 2: Acyl-CoA thioesters formation system. The
reaction was conducted according to previous method [23].
Briefly, incubations of drugs with subcellular fractions (1.0 mg
protein/ml) were carried outin 150 mM Tris-HCl buffer (pH 7.4)
containing 0.05% Triton X-100, 1 mM DTT, 2 mM EDTA, 1.2 mM
CoA, 6.2 mM MgCl,, and 2.5 mM ATP in a final volume of 0.5 ml.
After a 3min pre-incubation, reactions were initiated by
addition of ATP and allowed to proceed for 30 min at 37 °C, at
which time the incubations were stopped by the addition of
50 pL of perchloric acid (7%).

System 3: Glycine conjugation assay was followed previous
method [24]. The system consisted of 2 mM glycine, 10 mM
glucose, 10 mM HEPES (pH 7.4) and 200 IU/ml benzylpenicillin.

System 4: One mixture system was developed: 2 mM
glycine into CoA conjugation system.

2.5.3. Incubation assays
In order to elucidate the metabolic subcelluar sites and
metabolic route of PA in rat heart, we incubated heart

subcellular fractionations in different metabolic systems.
Heart cytosol, microsomes and mitochondria were all incu-
bated in methylation reaction system with PA (20 uM). Heart
cytosol, microsomes and mitochondria were all incubated in
acyl-CoA thioester conjugation system with PA (20 pM) or VA
(20 pM). Heart homogenate was also incubated in glycine
conjugation system with VA (20 nM) or PA (20 uM). Mitochon-
dria were incubated in mixture system with VA (20 M) or PA
(20 pM). In addition, we conducted all our methylation
reaction and acyl-CoA thioester formation experiments in
another two groups with tolcapone (2 pM) and pivalic acid
(10 pM), respectively. The detail experiments were summar-
ized in Table 1.

2.6.  Potential toxicity excluded

Many reports indicated that many xenobiotic acyl-CoA
thioester caused tissue damage due to covalent proteins
adducts [23,25]. In order to examine the possible toxicity of PA,
possible covalent adducts were analyzed in kidney and liver,
in which PA were activated into acyl-CoA thioester. Briefly, 9
rats were randomly grouped into three groups and intrave-
nously injected of PA (40 mg/kg), 2-phenylpropionic acid
(130 mg/kg, positive control) and benzoic acid (120 mg/kg,
negative control), respectively. Rats were sacrificed at 1 h and
liver and kidney were immediately removed and frozen in
liquid nitrogen. The proteins adducts were hydrolyzed
according to previous method [25] and the samples were
analyzed according to method described below.

2.7.  Isolated heart perfusion assay

In order to evaluate the relevance of the metabolic pathway of
PA with FAO, we conducted assays based on isolated rat heart
perfusion according to previous method [26]. SD rats (250-
300 g), which had been fed ad libitum, were killed after
treatment with chloral hydrate (i.p., 350 mg/kg) and hepar-
inised (i.p., 100 U/kg). Hearts were rapidly excised and placed
in ice-cooled Krebs-Henseleit solution (K-H) (NaCl 118 mM,
KCl 4.7 mM, KH,PO, 1.2 mM, MgSO, 1.2 mM, 2.5mM CaCl,,
5 mM glucose, 100 mU/L insulin). After cannulating the aorta,
constant pressure (80 mmHg) Langendorff perfusion was
commenced. The perfusate, a modified Krebs-Henseleit
solution, was maintained at 37 °C and continuously bubbled
with a gas mixture of 95% 0,/5% CO,. Hearts were immersed in
a chamber containing perfusate at a constant 37 °C.
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Isolated hearts were perfused with K-H solution containing
0.3 mM palmiticacid and 3% albumin. In all experiments, hearts
were initially perfused in the absence of drug. After 5min,
hearts were randomly assigned to an untreated control group,
ranolazine (10 uM, positive control) group, PA (40 pM), PA
(40 uM) plus tolcapone (5 pM) and VA (40 uM) group. Drugs were
present for the remainder of the experiments. Each heart was
perfused with 100 ml circulating perfusate. The concentrations
of residual fatty acid in perfusate were analyzed at 15 min and
30 min with assay kit. After 30 min perfusion, hearts were
collected and immediately frozen in liquid nitrogen, then the
collected heart were homogenated in 9% salicylsulfonic acid for
CoA and acyl-CoA analysis. Based on the analysis of residual
free fatty acid in perfusate, acyl-CoA/CoA ratios in heart, we
evaluated the level of FAO among groups.

2.8. Analysis methods

The simultaneous analysis of PA and vanilloyl-glycine was
conducted on HPLC at 260 nm. In detail, the samples were
pretreated with 1 M HCl and then extracted by 5 times volume
acetoacetate. The mobile phase was a mixture of water
(ammonium acetate, 5 mM) and methanol (15:85, v/v) at an
isocratic flow rate of 1.0 mL/min. The possible acyl-CoA
thioester was detected by HPLC-MS as in vivo metabolites
searching method described above [23]. Briefly, frozen rat
heart (or liver) (0.6 g) was homogenized in ice-cold 1.5 ml of
potassium phosphate buffer (0.05 M, pH 5). The heart (or liver)
homogenate was immediately denatured by 0.75 ml of HCIO,
(7%), mixed vigorously, then centrifuged (10,000 g, 10 min).
Supernatants were neutralized with 1 N NaOH and analyzed
by HPLC-MS.

Benzoic acid was also analyzed on HPLC according to
previous method [27]. 2-phenylpropionic acid was analyzed on
HPLC-MS with the reported method [28]. CoA, acyl-CoA were
analyzed on HPLC according to previous method [29]. Free
fatty acid analysis was conducted with purchased free acid-
kit. Protein content was determined by coomassie brilliant
blue method.

2.9.  Data analysis

All results were expressed as the mean + S.D. Comparison of
the means was made using a two-tailed student’s t-test. The
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Fig. 1 - LG-UV (260 nm) chromatogram obtained from rat
plasma 30 min after intravenously injected 20 mg/kg
protocatechuic acid.

acceptable level of significance was established at p < 0.05
except when otherwise indicated.

3. Results
3.1.  PA metabolites identification in rats

The in vivo metabolites of PA in rats were characterized by the
LC-DAD-MS. Their structures were tentatively proposed from
their respective retention time, molecular ion according to
previous report [14]. The proposed metabolites labeled M1-M9
in Fig. 1 were summarized in Table 2. M9 was proposed as 3
position methylated metabolite of PA, which was further and
definitely determined by comparison their retention times and
UV absorption with the authentic compound VA. Besides
retention times and UV absorption characters (maximum
absorption are 206 and 256 nm), the metabolite M6 were also
determined with MS-MS fragmentions (Fig. 2) according to the
chemically synthesized vanilloyl-glycine and results definitely
evidenced that M6 was vanilloyl-glycine, which was more
abundant than its isomer M8, in consistent with the 3 position

Table 2 - LC-MS data and identification of metabolites in rat plasma, liver and heart.

Peak no. Retention time (min) [M-H]~ Plasma Heart Liver Proposed metabolites

M1 13.23 329 + - + PA monoglucuronide

M2 14.55 329 + = + PA monoglucuronide

PA 16.38 153 + + + PA

M3 20.49 329 + = + PA monoglucuronide

M4 22.81 343 + - + Methylated PA monoglucuronide
M5 27.01 343 + — + Methylated PA monoglucuronide
M6 29.48 224 + +2 + Methylated PA monoglycine

M7 31.39 343 + = + Methylated PA monoglucuronide
M8 33.67 224 + - + Methylated PA monoglycine

‘+’ Indicated metabolites were found; ‘-’ referred to no metabolite were found; PA referred to protocatechuic acid.

# Indicated the metabolite peak detected was very small.
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Fig. 2 - MS/MS ions spectra of M6, proposed to be vanilloyl-
glycine conjugate.

preference for COMT methylation [30]. As shown in Table 3, in
tolcapone pretreated rats, M8 and M6 were both obviously
lowered, further supporting their structures presumption.

As shown in Table 2, all these metabolites found in plasma
could be detected in liver. But in heart, only M9 (VA) and M6
(vanilloyl-glycine) were detected. As shown in Table 3, M6 was
largely decreased in tolcapone pretreated rats, both in liver
and heart. Previous report suggested that formation of acyl-
CoA thioesters was an obligatory step for glycine conjugation
of xenobiotic carboxylic acids [31]. Thus, glycine conjugation
metabolite M6, which had been thoroughly determined,
strongly supported the formation of acyl-CoA thioester in
heart. Besides, we had directly monitored the acyl-CoA
thioester metabolite in heart based on HPLC-MS. As shown
in Fig. 3, chromatographic comparison with blank and
molecular ion demonstrated the formation of the vanilloyl-
CoA thioester in heart. Minor acyl-CoA thioester was detected
in tolcapone treated rats, both in liver and heart, which was
also in line with its structure presumption.

3.2.  Studies of PA metabolism in heart subcellular
fractions

Subcellular incubation results were summarized in Table 4.
Results indicated that PA could be methylated into VA in cytosol
and microsomes, but not in mitochondria. The formation of VA
was completely inhibited by tolcapone, suggesting the methy-
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Fig. 3 - The LC-UV (260 nm) chromatogram obtained from
rat heart homogenate at 30 min after intravenously
injected 20 mg/kg protocatechuic acid.

lation was most likely catalyzed by COMT. Mitochondria
incubation in acyl-CoA thioester formation system with PA
could notresultin corresponding acyl-CoA thioester, indicating
that PA could not directly conjugate with CoA in mitochondria.
In contrast, the methylated metabolite VA in the system formed
vanilloyl-CoA thioester, indicating methylation was a prere-
quisite step for acyl-CoA thioester formation. Additionally, the
acyl-CoA formation was completely inhibited by pivalic acid,
which implied acyl-CoA synthetase (ACS) participation. What-
ever in microsomes or in cytosol under acyl-CoA formation
system, no acyl-CoA thioester metabolite was detected for both
PA and VA, suggesting acyl-CoA thioester of PA and VA did not
form in heart microsomes and cytosol. As shown in Table 4, VA
incubated with mitochondria in mixture system resulted in
both metabolites of vanilloyl-CoA thioester and glycine con-
jugation, indicating that mitochondria were also the heart
subcellular site for glycine formation. Taken together, it was
known that PA was firstly methylated in microsomes and
cytosol, and then the methylated metabolite VA was further
metabolized into acyl-CoA thioester in mitochondria, where
some acyl-CoA thioester was biotransformed into glycine
conjugation (Fig. 4).

3.3.  Potential toxicity excluded

In PA treated rats, no PA and methylated metabolite were
detected in the tissue hydrolysis residual, both liver and

Table 3 - The quantification results of protocatechuic acid (PA) and vanilloyl-glycine (M6) in tissues with and without

tolcapone inhibiting after 20 mg/kg PA dosing (n = 5).

Tissues Without tolcapone With tolcapone M6 decrease (%)
PA (ng/g) M6 (ng/g) PA (ng/g) M6 (ng/g)

Plasma 244425 3.0+£03 50.7 +£ 14.0 0.9+0.1 69.7%

Liver 12+0.1 1.7+0.2 1.7+0.2 0.8+0.2 51.4%

Heart 21+0.7 0.5+0.1 6.6 £25 0.3+0.0 30.1%

M6 decrease indicated the extent of M6 decrease by catechol-O-methyltransferase inhibitor tolcapone (10 mg/kg).




BIOCHEMICAL PHARMACOLOGY 77 (2009) 1096-1104

1101

Table 4 - Subcelluar incubation results in four metabolic systems.

Reactions Homogenate Mitochondria Cytosol Microsomes

PA System 1 / = +7 +2
System 2 / = = =
System 3 - / / /
System 4 / - / /

VA System 2 / +P _ _
System 3 + / / /
System 4 / ++ / /

PA and VA referred protocatechuic acid and its catechol methylated metabolite vanillic acid, respectively; ‘+’ indicated the corresponding
metabolites were found in the metabolic system; ‘-’ referred to no corresponding metabolite was found; ‘/’ represented no experiment was
done; ‘++" referred to both vanilloyl-CoA thioester and vanilloyl-glycine were detected; Systems 1-4 indicated the COMT-mediated O-
methylation system, acyl-CoA thioesters formation system, glycine conjugation system and mixture system, respectively.

? Indicated the methylation was inhibited by tolcapone.

® Indicated the acyl-CoA thioester formation was inhibited by pivalic acid.

kidney, suggesting no protein adducts formed despite of acyl-
CoA thioester formation. Similar with PA, benzoic acid did not
form any protein adducts. In contrast, we detected large
amount of 2-phenylpropionic acid in the residual of liver,
which demonstrated that 2-phenylpropionic acid caused liver
toxicity due to protein adducts in accordance with previous
report [25].

Myocyte o

HO
OH

Microsome HO (PA)

COMT

Cytosol

H3CO
HO (VA)
LCFAs
(pamitate acid)
CPTI
. CoA O CPT II + CoA
CoA ligase sequestered ———™
o LCFA-CoA
H3CO
: SCoA FOX
HO (VA-CoA)
\ Acetyl-CoA/A TP/NADH
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Fig. 4 - The summary of protocatechuic acid (PA)
metabolism in subcellular of mytocyte and the proposed
mechanism for its fatty acid oxidation inhibition. PA
firstly is methylated into vanillic acid (VA) in microsomes
and cytosol, then the resulting methylated VA is converted
into vanilloyl-CoA (VA-CoA) in mitochondria. COMT
referred to catechol-O-methyltransferase, LCFAs indicated
long-chain fatty acids and FOX represented fatty acid B-
oxidation. CPT referred to carnitine palmityl transferase.
The symbol “(-)”’ indicated inhibiting effect.
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Fig. 5 - The influence of PA on residual fatty acid
concentration in perfusate at 15 min and 30 min of
isolated heart perfusion. Residual free fatty acid (FFA)
indicated residual fatty acid in perfusate. 15 min and

30 min referred to isolated heart perfusion times. PA and
VA represented protocatechuic acid and vanillic acid,
respectively. Asterisk (*) indicated significant difference
compared with control at 30 min (p < 0.05), A indicated
significant difference compared with ranolazine group at
30 min (p < 0.05).

3.4. Isolated heart perfusion assay

As Fig. 5 indicated, compared with control, no obvious
difference was found among all the groups at 15 min except
for ranolazine. At 30 min, more residual palmitic acid in
perfusate was found in both PA and VA group (p < 0.05, vs
control), demonstrating both PA and VA significantly inhibited
palmitic acid oxidation. But their efficacy was largely weaker
than ranolazine, a well-known partial FAO inhibitor [32]. As
Fig. 5 shown, the inhibiting effect of PA on FAO was totally
reversed by its methylation inhibitor tolcapone, implicating
relevance of its metabolism to the FAO inhibiting effect. The
efficacy of VA was just a little higher than equal concentration
of PA and no significance was detected. The close efficacy
between PA and VA and the rapid methylation of PA
collectively suggested methylation might not be the rate-
limited and capacity-limited step for PA to inhibit FAO, despite
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Fig. 6 — The influence of PA on acyl-CoA/CoA ratio in heart
after 30 min of isolated heart perfusion. PA and VA
represented protocatechuic acid and vanillic acid,
respectively. Asterisk (*) indicated significant difference
compared with control (p < 0.05), A indicated significant
difference compared with PA group (p < 0.05).

the inhibition was totally reversed by methylation inhibitor
tolcapone.

As we know, acyl-CoA/free CoA ratio is a modulator and
marker for heart energy metabolism. Lower acyl-CoA/free CoA
ratio activates pyruvate dehydrogenase (PDH), which is a key
and irreversible step in carbohydrate oxidation [33]. As shown
in Fig. 6, the acyl-CoA/CoA ratios were largely decreased by PA
and VA, implying the shifting from fatty acid oxidation to
carbohydrate oxidation. In similar with results from residual
fatty acid analysis, the effect of PA was totally reversed by its
methylation inhibitor tolcapone.

4, Discussion

In this study, the metabolic profile of PA in rat heart was firstly
characterized and a metabolic route was investigated in vivo
and in vitro including several subcellular metabolic incubation
systems. Results indicated that PA was firstly methylated in
heart cytosol and microsomes, and then the resulting
methylated metabolite (VA) diffused to mitochondria and
formed vanilloyl-CoA thioester there, which was similar with
the process of FAO. Additionally, part of acyl-CoA thioester
was further transformed into glycine conjugation, a step also
localized within mitochondria. Based on isolated heart
perfusion assay, we demonstrated the partial FAO inhibiting
effect of PA, which was shown by higher residual fatty acid in
perfusate and lower acyl-CoA/CoA ratio in heart. Importantly,
the partial FAO inhibiting effect was totally reversed by
methylation inhibitor tolcapone, suggesting that the effect
was closely related with PA methylation, which had evidenced
as a prerequisite step for the identified metabolic pathway of
PA in heart. Thus, we concluded that the identified metabolic
pathway of PA influenced FAO in heart. A body of evidence had
demonstrated that metabolic manipulation, by shifting the
energy substrate preference away from fatty acid metabolism
and towards glucose metabolism, would enhance the oxygen

utilization efficiency and was an effective strategy for
ischemia therapy [17,18].

The enzymes responsible for the formation of acyl-CoA
thioester are members of the ACS family, which are located in
various cell compartments and exhibit wide tissue distribu-
tion, with highest activity associated with liver and adipose
tissue [34]. Similar with P450, ACS in liver gain more attention
due to their importance to whole body energy supply. To date,
knowledge is still limited about ACS in heart. Our results
demonstrated that ACS for carboxylic acid-containing xeno-
biotics metabolism also expressed in rat heart. Subcellular
fraction results indicated the ACS responsible for PA meta-
bolism located in mitochondria, neither cytosol nor micro-
somes. Although cytosolic CoA concentration is about 10
times higher than that in mitochondria matrix, CoA seques-
tration in mitochondria matrix is also regarded as an effective
strategy for FAO inhibition, which is beneficial for ischemia
heart [17,18]. According to our results, we proposed that the
FAO inhibition of PA maybe contribute, at least in part, to CoA
sequestration in mitochondria matrix, which was summar-
ized in Fig. 4. The magnitude of CoA sequestration is
dependent on the amount of vanilloyl-CoA thioester forma-
tion in mitochondria, which is influenced by the rate of
conjugation and deconjugation of the thioesters, including
direct hydrolysis by acyl-CoA thioesterase [35] or acyltrans-
fered to other metabolites [36]. Although we did not
quantitatively and dynamically evaluate the correlation of
acyl-CoA thioester formation with its FAO inhibition effect,
the relatively low activity of N-acyltransferases in heart
mitochondria may cause low rate of acyl-CoA thioester
deconjugation and enhance its abundance in mitochondria.
In consistent with this, the glycine conjugation formed in
heart was low in our results (Table 2). In addition, it is generally
noted that the substrates of ACS are relatively hydrophobic
and similar with natural substrate fatty acid [33]. The
lipophilicity preference of ACS is in concordance with our
results that the methylation metabolite VA, but not PA, formed
acyl-CoA thioester in mitochondria.

Structurally similar with other phenolic acids in danshen,
PA contains catechol group in benzene ring and carboxylic
acid in side chain. As for their anti-angina mechanism, until
now, researches mainly focused on their anti-oxidant and
anti-radical property based on catechol group [37,38]. How-
ever, the rapid and extensive methylation of the catechol
group may largely discount their antioxidant activity in vivo.
Here we gave a new explanation for PA anti-angina property
based on the side chain carboxylic acid group, which was
dependent on catechol methylation. In our opinion, although
methylation of PA largely lowers their antioxidant and
antiradical activity, it may bring another action that partially
inhibits FAO for its anti-angina efficacy. As for phenolic acids
in danshen, the metabolic modulation of PA gives us a new
clue to understand the activity of these compounds in vivo.
Actually, some people had investigated the activity of the
methylated metabolites of these phenolic acids and endothe-
lial NADPH oxidase inhibiting efficacy was reported [39]. All
these results give us a more clear description of the actually
active forms of danshen in vivo for its anti-angina efficacy.

Current pharmacotherapies for angina include dilating
coronary, reducing heart rate and arterial blood pressure.
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These traditional hemodynamic approaches are effective as
monotherapy, but have little or no additional benefit when
used in combination [40-42]. Until now, many reports have
investigated the anti-angina mechanism of danshen focusing
on hemodynamic improvement, including coronary artery
dilatation, calcium antagonist action [43], inhibiting prosta-
glandin synthesis and platelet adhesion and aggregation [44].
Here we gave a new mechanism about FAO inhibition for PA,
which may achieve metabolic manipulation effect for ische-
mia heart. One of the attractions of metabolic therapies is that
they act independently of the traditional mechanisms and are
effective as adjunctive therapy [45]. According to our results,
metabolic modulation of PA may give greatly synergic effect
towards these hemodynamic actions of danshen previously
reported. Itis well known that herbal medicine always achieve
their therapeutic effect based on synergic actions of many
components [46], here we provided a pharmacodynamically
synergic action for danshen investigation. As our results
shown in Figs. 5 and 6, the metabolic modulation efficacy of PA
was not as powerful as positive drug ranolazine. However, in
our opinion, the relatively weaker metabolic modulation of PA
will be enough to give obviously additional benefit to the anti-
angina effect of Danshen.

For xenobiotic-CoA thioester metabolites from carboxylic
acid-containing drugs, most researches focused on their
toxicity because the reactive intermediates always formed
irreversible adducts with proteins [24,23]. These adducts can
change the protein function or serve as immunogens that
lead to immunotoxic reactions [47]. The toxicity of xenobio-
tic-CoA thioesters has been extensively investigated. How-
ever, as for some drugs, despite of acyl-CoA thioesters
formation, no obvious protein adducts were detected, such
as clofibric acid [48] and simvastatin [49]. In order to exclude
potential toxicity due to acyl-CoA thioester, we analyzed
potential adducts in liver and kidney and no protein adducts
of PA were detected in our results. Until now, no paper has
deeply investigated the factors that influence the intermedi-
ates toxicity. In our opinion, several factors may relate to it,
such as the intermediates formation subcelluar sites and
drug retention time in cell. Because the acyl-CoA thioester
cannot be excreted directly from cell, if formed, they should
be transformed into amino acid-conjugations by acyl-
CoA:glycine N-acyltransferases or form protein adducts or
directly hydrolyzed. The acyl-CoA:glycine N-acyltrans-
ferases locates in mitochondria matrix, which is more
effective to metabolize the thioesters formed in mitochon-
dria than other subcellular sites. The abundant glycine
conjugation detected in our results implied the effective
detoxification of acyl-CoA thioester, which was also formed
in mitochondria. Although we excluded the protein adducts
of PA after single dose administration, we cannot rule out the
possibility under long-time administration and further
investigation is still needed.
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