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Beneficial effects of danshensu, an active
component of Salvia miltiorrhiza, on homocysteine
metabolism via the trans-sulphuration pathway
in rats

YG Cao1, JG Chai2, YC Chen1, J Zhao1, J Zhou1, JP Shao1, C Ma1, XD Liu1 and XQ Liu1

1Center of Drug Metabolism and Pharmacokinetics, China Pharmaceutical University, Nanjing, China and 2Chiatai
Qingchunbao Pharmaceutical Co. Ltd, Hangzhou, China

Background and purpose: Elevated plasma total homocysteine (tHcy) level has been established as an independent risk factor
for cardiovascular diseases. Danshensu, an active ingredient of Salvia miltiorrhiza, shows wide cardiovascular benefit. However,
in terms of its own methylation, danshensu could elevate tHcy level, which would act against its cardiovascular benefit, thus
posing a ‘therapeutic paradox’. As this paradox has not been fully assessed, we have evaluated the effects of danshensu on tHcy
levels to uncover the underlying mechanisms.
Experiment approach: We evaluated the influence of danshensu on homocysteine (Hcy) metabolism in rats with normal tHcy
levels and in rat models of elevated tHcy (single intravenous methionine loading model and a hyperhomocysteinemic model
after 3 weeks methionine dosing, with and without 3 weeks of danshensu treatment). We also quantified some metabolic
intermediates (S-adenosyl methionine, S-adenosyl-l-homocysteine, cysteine and glutathione) relevant to Hcy metabolism in rat
liver and kidney.
Key results: Acute treatment with a single dose of danshensu in rats with normal tHcy did not change plasma tHcy. In contrast,
danshensu significantly lowered tHcy in rats with elevated tHcy. The relatively higher cysteine and glutathione levels after
treatment with danshensu indicated that its tHcy-lowering effect was via increased activity of the trans-sulphuration pathway.
Conclusions and implications: Our results suggested that danshensu may act both acutely to increase trans-sulphuration and
after chronic exposure to up-regulate the activity of the trans-sulphuration enzymes. The tHcy-lowering effect of danshensu is
another cardiovascular benefit provided by S. miltiorrhiza and suggests a potential tHcy-lowering therapy.
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Introduction

Elevated plasma total homocysteine (tHcy) level has been
established as an independent risk factor for cardiovascular
diseases. Several epidemiological studies had shown that
moderately elevated plasma tHcy level was associated with an
increased risk of fatal and non-fatal cardiovascular diseases
(Nygard et al., 1997; Welch and Loscalzo, 1998; Wald et al.,
2002). Homocysteine (Hcy) is a thiol containing amino acid

formed by demethylation of methionine. Hcy can be further
metabolized via two major pathways: (i) remethylated to
methionine by methionine synthase; and (ii) trans-
sulphurated to cysteine by cystathionine b-synthase and sub-
sequently by cystathionine g-synthase. Regulation of Hcy
level is achieved by changing the activities of the two com-
petitive pathways (Jacobs et al., 2001). Metabolism of Hcy via
the trans-sulphuration pathway provides an endogenous
route for cysteine synthesis, which is a significant source
of glutathione (GSH) (Figure 1) (Martinov et al., 2000) and
the importance of the Hcy-dependent trans-sulphuration
pathway in the maintenance of the intracellular GSH pool
and redox status has been shown (Vitvitsky et al., 2003).

Salvia miltiorrhiza has been widely used in China, Korea,
Japan and other Asian countries, in the treatment of
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cardiovascular and cerebrovascular diseases. The beneficial
effect of S. miltiorrhiza on cardiovascular system has been
extensively documented (Cheng, 2007; Wu et al., 2007a; Han
et al., 2008). Danshensu is a relatively simple polyphenol (3,4-
dihydroxyphenyl lactic acid), found as an active component
of extracts of S. miltiorrhiza, exhibiting cardiovascular protec-
tive effects (Wu et al., 2007b; Zhao et al., 2008). Moreover,
danshensu was the most potent constituent of aqueous
extracts of S. miltiorrhiza, protecting against Hcy-induced
endothelial dysfunction (Chan et al., 2004). However, dansh-
ensu, like other polyphenols, is itself a substrate for endog-
enous methylating enzyme systems and thus consumes
methionine and generates Hcy (see Figure 1). Treatment with
danshensu could therefore elevate plasma tHcy level, which
might cause cardiovascular toxicology. This possibility of
raised plasma tHcy after danshensu might thus pose a ‘thera-
peutic paradox’, relative to its wide-ranging cardiovascular
protection.

Until now, the effect of danshensu on plasma tHcy level has
never been reported. Although the effect of some polyphenols
on plasma tHcy has been reported (de Bree et al., 2001;
Hodgson et al., 2003; 2006; Hamelet et al., 2007), no clear
conclusion has been reached. Recently, it was reported that
catechin, a typical polyphenol, lowered plasma tHcy level, by
via enhancing the rate of Hcy catabolism (Hamelet et al.,
2007). The aim of the present paper is to assess the influence
of danshensu on plasma tHcy level and provide a clear expla-
nation for the possible ‘therapeutic paradox’ and previous
inconsistent results with polyphenols.

A typical hyperhomocysteinemia (HHcy) model, in which
Hcy remethylation is inhibited by the deficiency of folate, is

commonly used for evaluating tHcy-lowering therapies
(Huang et al., 2001). However, the general health of animals
gets is considerably worse after more than 4 weeks, during the
development of this HHcy model (Yagisawa et al., 2004).
Thus, in order to comprehensively and accurately evaluate
the influence of danshensu on Hcy metabolism, we con-
ducted a series of experiments with other models. These
included the single methionine loading model (Yagisawa
et al., 2004), a 3-week methionine dosing model (Fukada
et al., 2006), a hyperhomocysteinemic rat model (Zhou et al.,
2001), with and without 3 weeks of danshensu treatment.
Moreover, in order to further uncover the underlying mecha-
nism, metabolic intermediates related to Hcy metabolism
[S-adenosylmethionine (SAM), S-adenosylhomocysteine
(SAH), cysteine and GSH] were quantified in liver and kidney,
two important tissues for Hcy metabolism. The results sug-
gested that a single dose of danshensu did not acutely affect
plasma tHcy level in rats with normal tHcy level, while acute
or chronic treatment with danshensu significantly suppressed
plasma tHcy in the rats with elevated tHcy. We therefore
suggest that danshensu may be a potential tHcy-lowering
drug, which has shown wide cardiovascular benefit and may
avoid the nutritional problems accompanying present treat-
ments for HHcy (Bonaa et al., 2006; Lonn et al., 2006).

Methods

Animals
All animal experiments were performed under a license
granted by Jiangsu Science and Technology Office (China),
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with approval from the Animal Ethics Committee of China
Pharmaceutical University. Every effort was made to minimize
stress to rats. Male Sprague Dawley rats weighing 180–250 g
were used throughout this study. They were housed at 22 �

5°C with a 12-h dark/light cycle. All rats were provided with
water and standard chow ad libitum for 1 week before
experiments.

Experiments
All chemicals were dissolved in saline, except for tolcapone
which was dissolved in saline containing 20% (v/v) PEG 200.
During experiments, rats were fasted overnight and randomly
assigned into different groups. About 200 mL blood was taken
from orbital sinus alternatively after ethyl ether anaesthesia,
and then the eye was quickly sterilized with alcohol and
pressed with cotton. Blood samples were immediately col-
lected into a polypropylene tube containing heparin-Na and
centrifuged at 5000 g at 5°C for 3 min. Prepared plasma
samples were kept at -20°C and analysed within 48 h.

Experiment 1: effect of i.v. danshensu on plasma tHcy in
normal rats
Rats were assigned into three groups (n = 5): control treated
with saline; intravenous (i.v.) danshensu (20 mg·kg-1); i.v.
danshensu (20 mg·kg-1), 10 min after injection (i.p.) of
tolcapone (10 mg·kg-1). Tolcapone is a known catechol-O-
methyltransferase (COMT) inhibitor and can inhibit the
methylation of danshensu. Blood was collected before and
after 5, 15, 30, 60, 120 and 240 min of drug injection.

Experiment 2: effect of danshensu on plasma tHcy after a single
i.v. methionine loading dose
Rats were assigned into four groups (n = 5): control treated
with saline; i.v. methionine (0.8 mmol·kg-1); i.v. methionine
(0.8 mmol·kg-1) plus danshensu (10 or 20 mg·kg-1). Blood was
collected before and after 5, 15, 30, 60, 120 and 240 min of
drug injection.

Experiment 3: effect of i.p. danshensu on plasma tHcy in rats
during 3 weeks methionine dosing model
We conducted this experiment in order to assess the long-
time effect of danshensu on plasma tHcy level with and
without methionine dosing. Rats were assigned into four
groups: control treated with saline (n = 5); i.p. danshensu
(n = 10, 5 mg·kg-1·day-1); i.p. methionine (n = 10,
0.8 mmol·kg-1·day-1); combined methionine and danshensu,
at the above dose (n = 6). During the experiment, blood was
collected on the 5th, 7th, 9th, 11th, 19th and 21st day, before
the daily drug injections.

Experiment 4: effect of single danshensu treatment on plasma
tHcy in rats with hyperhomocysteinemia induced by methionine
The hyperhomocysteinemic (HHcy) rats (Durand et al., 1997)
were the rats from the methionine group in experiment 3.
After 3-week methionine (0.8 mmol·kg-1·day-1, i.p.) treatment

and 24 h washout, 10 rats were fasted overnight and assigned
into two groups: control with saline (n = 5); i.v. danshensu
(n = 5, 20 mg·kg-1). The blood was collected before and after 5,
15, 30, 60, 120 and 240 min of drug (danshensu/saline)
injection.

Experiment 5: effects of 3 weeks of danshensu treatment
on Hcy metabolism
The rats were from the danshensu group in experiment 3.
After 3-week danshensu treatment (5 mg·kg-1·day-1, i.p.) and
3-day washout, 10 rats were divided into two groups: control
with saline (n = 5); i.v. methionine (n = 5, 0.8 mmol·kg-1). The
blood was collected before and after 5, 15, 30, 60, 120 and
240 min of drug (methionine/saline) injection.

Experiment 6: analysis of metabolic intermediates related
to Hcy in liver and kidney
In order to uncover the underlying mechanism of the effect
of danshensu, we quantified the Hcy metabolism-related
intermediates in liver and kidney. Rats were assigned into
four groups: control treated with saline (n = 5); i.p. dan-
shensu (n = 5, 5 mg·kg-1·day-1); i.p. methionine (n = 5,
0.8 mmol·kg-1·day-1); co-treatment with methionine and dan-
shensu at the above dose (n = 5). The rats were treated for 3
weeks as above and fasted overnight on day 22. On day 23,
rats were killed by cervical dislocation. The liver and kidney
were immediately removed and stored at -20°C. Then the
metabolic intermediates, SAM, SAH, cysteine and GSH were
all quantified according to the methods described below.

All these above experiments were summarized in Table 1.

Analytical methods
The plasma tHcy concentration was determined according to
previous method with minor modification (Katrusiak et al.,
2001). Plasma samples (100 mL) were treated with 20 mL of
dithiothreitol (DTT) (2 mmol·L-1, dissolved in 0.5 mol·L-1

phosphate buffer, pH 8.0) for 10 min at 25°C to reduce
the disulphides and release protein-bound Hcy. Then it
was mixed with 100 mL of 0.5 mmol·L-1 5,5’-dithio-bis-
nitrobenzoic acid (DTNB) dissolved in the same buffer and
approximately after 10 min deproteinization was achieved by
the addition of 100 mL of 9% sulph osalicylic acid. Precipi-
tated proteins were removed by centrifugation at 10 000¥ g
for 10 min and the supernatant was used for high perfor-
mance liquid chromatography (HPLC) analysis (Shimadzu
2010C). Chromatography of the sulphydryl-DTNB derivatives
was accomplished using isocratic elution on Shimadzu C18

column (150 mm ¥ 2.0 mm, 5 mm) at 40°C. Mobile phase A
was methanol at 8% and B was water phase at 92% containing
0.1 mol·L-1 KH2PO4 (pH 3.8). The flow rate was 1.0 mL·min-1

and the sample injection volume was 10 mL.
For determination of SAM and SAH in tissues, we followed

a previous method with minor modification (Kim et al.,
2003). One gram of fresh liver (or kidney) was homogenized
in 2 mL of 5% perchloric acid. The homogenate was centri-
fuged at 12 000¥ g for 10 min. The resulting supernatant was
collected for HPLC analysis exactly as described by Kim et al.
(2003).
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Tissue cysteine was quantified by the acid-ninhydrin
method (Gaitonde, 1967). To determine tissue tHcy, the
tissues were homogenized in 0.5 mol·L-1 phosphate buffer
(pH 8.0) at 1:2 ratios (v/v) and then treated as the plasma
samples. GSH determination was carried out as described by
Abdel-Zaher et al. (2008).

Data analysis
All results were expressed as the mean � SD. Comparison of
the means was made using a two-tailed Student’s t-test. The
AUC was tested after logarithmic transformation. The accept-
able level of significance was established at P < 0.05 except
when otherwise indicated.

Materials
Danshensu (purity 99%) was purchased from QingZe
(Nanjing, China), DL-homocysteine, reduced GSH, DTNB,
DTT, heptane sulphonic acid, sulphosalicylic acid, SAM and
SAH were all obtained from Sigma-Aldrich (Shanghai, China).
Methionine, cysteine, ninhydrin and polyethylene glycol 200
(PEG 200) were all purchased from WanQing (Nanjing,
China).

Results

Experiment 1: effect of i.v. danshensu on plasma tHcy in
normal rats
As shown in Figure 2, following the i.v. injection of dansh-
ensu, the mean values of plasma tHcy increased slightly but
returned to baseline at about 2 h. However, both these mean
values and the area under the plasma tHcy concentration
curve over the 4 h post-danshensu observation period
(DAUC0–4 h) showed great inter-individual variations (CV % of
DAUC0–4 h was 102%). Thus, none of these data were signifi-
cantly different from the initial and final values and no sta-
tistical difference for danshensu on plasma tHcy was
recorded. As indicated in Figure 2, pretreatment with the
COMT inhibitor, tolcapone, decreased the variability of
plasma tHcy values after danshensu. The methylation of dan-

shensu, measured directly in other experiments, also showed
great inter-individual variation (data not shown). Thus, the
highly variable effects of danshensu on plasma tHcy might be
explained by large individual variations in methylation
by COMT.

Experiment 2: effect of danshensu on plasma tHcy in single i.v.
methionine loading
As shown previously (Yagisawa et al., 2004), plasma tHcy was
elevated acutely and significantly after methionine loading.
As summarized in Figure 3A, the elevation of plasma tHcy and
the (DAUC0–4 h; Table 2) following methionine, was signifi-
cantly attenuated by danshensu in a dose-dependent manner.

In Figure 3B, we have recalculated the data as differences
between treated [DSS(L) + Met; DSS(H) + Met] and the control
(Met) to expose a possible bidirectional effect on plasma tHcy
in methionine loaded rats. Although only the value for the
higher dose of danshensu at 120 min showed a statistically
significant difference, there was a trend towards an initial

Table 1 Summary of the experimental conditions

Group 1 Group 2 Group 3 Group 4

Experiment 1 Control saline Danshensu (20) Danshensu (20)
(mg·kg-1) Tolcapone (10)
Experiment 2 Control saline Methionine (0.8) Methionine (0.8) Methionine (0.8)
(mg·kg-1) Danshensu (10) Danshensu (20)
Experiment 3 Control saline Danshensu (5) Methionine (0.8) Methionine (0.8)
(mg·kg-1·day-1) n = 10 n = 10 Danshensu (5)
Experiment 4 Control saline Danshensu (20)
(mg·kg-1)
Experiment 5 Control saline Methionine (0.8)
Experiment 6 Control saline Danshensu (5) Methionine (0.8) Methionine (0.8)
(mg·kg-1·day-1) Danshensu (5)

Numbers in parentheses denote doses; for danshensu and tolcapone these are as mg·kg-1; for methionine, as mmol·kg-1. Experiments 1, 2, 4 and 5 involved a single
i.v. dose of danshensu or methionine; experiments 3 and 6 involved chronic treatment with danshensu methionine or both given i.p., once daily for 3 weeks;
n = 5 for all the groups except when otherwise indicated.
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Figure 2 Time course of plasma levels of total homocysteine (tHcy)
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rapid and short-lived rise in plasma tHcy followed by a longer
lasting fall.

Experiment 3: effect of i.p. danshensu on plasma tHcy level in
rats during 3 weeks methionine dosing
As indicated in Figure 4, 3 weeks of treatment with danshensu
alone (i.p.; 5 mg·kg-1·day-1) did not affect plasma tHcy.
However, daily dosing with methionine alone over the same

time did increase plasma tHcy. Adding treatment with dan-
shensu to the daily dose of methionine, largely suppressed the
increase in plasma tHcy (Figure 4), which was consistent with
our results after a single methionine load (see above).

Experiment 4: effect of danshensu on plasma tHcy in rats with
hyperhomocysteinemia induced by methionine
Our model of HHcy was induced by 3-week treatment with
daily methionine (see methods and above) and in these HHcy
rats, we re-tested the effects of a single i.v. dose of danshensu.
As shown in Figure 5, danshensu now caused a clear and
marked fall in plasma tHcy, maintained for at least 4 h after
the danshensu. As danshensu did not affect plasma Hcy in
normal rats (Figure 2), its effects on plasma tHcy may only be
detectable when plasma tHcy is raised.

Experiment 5: Hcy metabolism after 3-week chronic treatment
with danshensu
Here we have re-tested the effects of a single methionine
loading dose in rats chronically treated with danshensu (for 3
weeks; see Methods). The clear rise in plasma tHcy up to 2 h
after methionine, as already shown in Figure 3A, was com-
pletely suppressed in rats chronically treated with danshensu

Table 2 Some pharmacokinetic parameters of plasma total homocysteine (tHcy) in rats treated with danshensu (DSS) and methionine (Met)

Parameters DSS Met DSS(L) + Met DSS(H) + Met pre-DSS + Met

Cmax (mmol·L-1) 27 � 16 45 � 12 37 � 4* (18%)a 34 � 3* (24%)a 25 � 10** (44%)a

Tmax (min) 28 � 19 96 � 33 96 � 33 78 � 40 87 � 48
DAUC0–4 h (mmol·L-1·min) 1744 � 1791 5449 � 1156 4277 � 874* (22%)a 3352 � 893*�(35%)a 1129 � 1142** (79%)a

*P < 0.05, **P < 0.01 compared with group Met. �P < 0.05 compared with group DSS(L) + Met (Student’s t-test). Values in parentheses for the AUV represent the
% reduction, relative to the value with Met alone = 100%.
DSS, rats were given i.v. danshensu alone (20 mg·kg-1). Met, rats were given i.v. methionine alone (0.8 mmol·kg-1). DSS(H) + Met, rats were given i.v. methionine
(0.8 mmol·kg-1) with high dose DSS (20 mg·kg-1). DSS(L) + Met, rats were given i.v. methionine (0.8 mmol·kg-1) with low dose DSS (10 mg·kg-1). pre-DSS + Met,
rats were given i.p. danshensu 5 mg·kg-1·day-1 for 3 weeks and washed out (no treatment) for 3 days, then i.v. methionine (0.8 mmol·kg-1).
Each value is the mean � SD for five rats except for pre-DSS + Met (n = 4 rats).
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(Figure 6). Also, the DAUC0–4 h was only 19% of that without
danshensu pretreatment in experiment 1 (Table 2). It is rel-
evant to note that these danshensu treated rats have normal
plasma tHcy and that the methionine load was given 3 days
after the end of danshensu treatment, that is 3 days of
washout, in which time any circulating danshensu should
be lost.

Experiment 6: analysis of metabolic intermediates related to Hcy
in liver and kidney
The tissue levels of Hcy-related metabolic intermediates are
governed by the relative activity of the remethylation or the
trans-sulphuration pathways of Hcy metabolism, especially in
liver, the central tissue for sulphur amino acid metabolism
(Stead et al., 2000).

Compared with control (Table 3), chronic treatment with
methionine (3 weeks daily i.p. injections) induced a consid-
erable elevation of tissue tHcy which was markedly sup-
pressed by danshensu (Table 3), in liver and kidney,
consistent with the results in plasma.
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In liver, chronic treatment with danshensu (Table 3) mark-
edly elevated cysteine but had no significant influence on
SAM, SAH and the SAM/SAH ratio. After chronic treatment
with methionine, liver cysteine, SAM and SAH but not GSH
were all raised (Table 3) and combining chronic treatments
raised cysteine and SAM still further with a clear increase
in GSH.

In the same rats, kidney levels of cysteine and GSH were
increased by chronic treatment with danshensu (Table 3).
However, danshensu lowered SAM without affecting SAH and
the SAM/SAH ratio, findings different from those in liver.
Chronic methionine alone did not change SAM and SAH
levels but raised the SAM/SAH ratio, which indicated that
methionine may enhance the methylation potential of dan-
shensu in kidney (Zhang et al., 2008). Adding danshensu to
methionine for 3 weeks had two major effects in kidney; the
SAM/SAH ratio was restored to normal and GSH was raised.

In summary, chronic treatment with danshensu, either
alone or in combination with methionine, raised both
cysteine and GSH levels in liver and kidney, which
would be compatible with an increased activity of the
trans-sulphuration pathway, induced by danshensu.

Discussion and conclusions

We undertook these experiments because ingested dansh-
ensu, like other polyphenols, consumes methionine by being
methylated by COMT and this consumption of methionine
increases levels of Hcy, which is a cardiovascular risk factor. At
the same time, danshensu has been shown to provide cardio-
vascular benefits and these two opposing effects constitute
the ‘therapeutic paradox’ that we have explored in our experi-
ments. Our results clearly showed that danshensu did not
affect plasma tHcy in normal rats after short- or longer-term
treatments. By contrast, danshensu markedly attenuated the
raised tHcy levels induced by methionine, suggesting that
danshensu could provide a potential therapy for HHcy.

This effect of lowering tHcy was observed in a range of
experimental conditions: after a single i.v. methionine load or
after 3 weeks of chronic methionine dosing, using single or
chronic dosing with danshensu. Overall, danshensu only
lowered plasma tHcy when it had been raised either by an
acute methionine load or by chronic methionine administra-
tion (HHcy rats). Further, danshensu altered metabolic inter-
mediates of Hcy in liver and kidney, two major sites of Hcy
metabolism. Based on the relative amounts of these interme-
diates (SAM, SAH, cysteine and GSH), we can evaluate,
overall, the main pathway of Hcy metabolism and begin to
uncover the biochemical mechanisms underlying the lower-
ing of tHcy by danshensu. The relatively higher cysteine and
GSH levels, both in liver and kidney, of rats given danshensu
alone, suggested that danshensu might increase the activity of
the trans-sulphuration pathway (see Figure 1), as a means of
lowering Hcy levels. Although the particular step(s) in the
trans-sulphuration pathway were not identified in our experi-
ments, our results suggested that danshensu acted both
acutely, after a single i.v. injection, and chronically, perhaps
by up-regulating one or more of the enzymes in the trans-
sulphuration pathway. It should be noted that whereas the

effect of a single dose of danshensu on raised plasma tHcy was
over by 4 h, suggesting a rapidly acting, short-lived mecha-
nism, the effects of chronic treatment with danshensu were
assessed days after ending chronic treatment, when plasma
and tissue levels of danshensu should have been low, if not
negligible. Thus, the more persistent mode of action sug-
gested by the effects of chronic danshensu could be different
from that involved in its acute effects.

Danshensu, a catechol-containing polyphenol, is an abun-
dant and structurally representative compound of the water-
soluble active components in S. miltiorrhiza. Polyphenols are
abundant in tea, wine and many other foods (D’Archivio
et al., 2007). The association between dietary polyphenols
and plasma tHcy level has been investigated for many years
but the results are still controversial (de Bree et al., 2001;
Hodgson et al., 2003). Our results indicated that danshensu
did not affect plasma tHcy in normal rats, while clearly low-
ering acutely raised plasma tHcy in normals or in a model of
HHcy rats. This is the first report about the bidirectional effect
of danshensu on Hcy metabolism and the distinct effects in
different animal states gave us some understanding of the
relationship between polyphenols and Hcy metabolism. It
appears that the effect of polyphenols on plasma tHcy level
was largely dependent on its initial value. For groups with
normal tHcy, polyphenols may show minor, even slightly
elevating effects, on tHcy levels. In contrast, for groups with
elvated tHcy, polyphenols should exhibit a lowering effect.
Previous reports had indicated that SAH always rises in par-
allel with Hcy, because the reaction catalysed by adenosyl-
homocysteinase is a reversible process and is always at
equilibrium due to the high activity of adenosylhomocystein-
ase (Martinov et al., 2000). The bidirectional effect probably
represents accumulating SAH in relatively higher tHcy state,
as shown in Table 3. SAH is an endogenous and potent inhibi-
tor of COMT (Rivett and Roth, 1982), which is exclusively
responsible for methylation of polyphenols. Thus, it is likely
that methylation of these polyphenols would be largely
inhibited by the accumulated SAH level in higher Hcy state,
which was supported by the lower concentration of methy-
lated metabolites of danshensu in the methionine group of
rats (data not shown). If methylation were suppressed, the
tHcy-raising effect of polyphenol methylation would be
diminished and the potential tHcy-lowering effect would be
dominant in controlling plasma tHcy levels. Although this
explanation may not hold for all polyphenols (Stamler et al.,
1993), for those polyphenols with a relatively lower extent of
methylation and also exhibiting Hcy-lowering effect, such as
danshensu, it provides a reasonable resolution of the paradox.

Glutathione is the most abundant low-molecular weight
thiol and plays a key role in the cellular defense against
oxidative stress. As our results indicated in Table 3, GSH was
obviously elevated by danshensu both in liver and kidney,
which would provide another explanation for the overall
antioxidant activity of danshensu. Many papers have attrib-
uted the cardiovascular protection of danshensu to its anti-
oxidant and radical scavenging properties, based on its
catechol structure (Zhao et al., 2008), but the antioxidative
potential of catechol-containing compounds has been chal-
lenged (Boots et al., 2002; 2003) on the grounds that this type
of antioxidant shifted oxidative damage from lipid peroxida-
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tion to thiol arylation via semiquinone or quinone radical
formation. Here we have provided a new mechanism for the
antioxidant effects of danshensu, which is increased GSH
biosynthesis, which would also be a novel cardiovascular
protective action for S. miltiorrhiza.

It had been reported that many drugs exhibit a potential for
raising tHcy (Desouza et al., 2002). Unlike these drugs, dan-
shensu had no effect on plasma tHcy in rats with normal tHcy
level. In contrast, danshensu can clearly lower elevated tHcy
and stabilize tHcy levels via activation of the trans-
sulphuration pathway. Such effects would be beneficial in the
therapy of cardiovascular disease, especially for those patients
who are simultaneously prescribed drugs exhibiting tHcy-
raising potential, such as bezafibrate (Dierkes et al., 1999),
fenofibrate (de Lorgeril et al., 1999) and nicotinic acid (Basu
and Mann, 1997). For the patients at risk of plasma tHcy
elevation from other causes, such as vitamin deficiency or
kidney dysfunction, danshensu might also be beneficial by
preventing elevation of tHcy, but further clinical assessment
of this possible use is needed.
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