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Aim of the study: Rhei Rhizoma, the rhizome of Rheum palmatum L. (RP), is a popular herb in clinical
Chinese medicine. RP is abundant in polyphenolic anthraquinones, which have been reported to show
various beneficial bioactivities. This study investigated the pharmacokinetics and tissue distribution of
anthraquinones following seven-dose administration of RP decoction to rats.
Materials and methods: Six Sprague-Dawley rats were given 2.0 g/kg of RP twice daily for seven doses and
blood samples were collected at designated time after the 7th dose. Another six rats were sacrificed at
30 min after the 7th dose and organs including liver, kidney, lung and brain were collected. Serum and
tissue specimens were assayed by HPLC before and after hydrolysis with 3-glucuronidase and sulfatase,
respectively.
Results: Pharmacokinetic analysis indicated that the anthraquinones in serum mainly presented as glu-
curonides/sulfates and contained higher ratio of sulfates when compared with single-dose administration
of RP. Contrary to the finding in serum, tissue analysis discovered mainly free form of anthraquinone in
most organs assayed, such as aloe-emodin and rhein in kidney, liver, lung; emodin in liver, lung; trace
of chrysophanol in kidney and liver. In all brains, neither free forms nor their glucuronides/sulfates have
been detected.
Conclusions: The glucuronides/sulfates of anthraquinones were the major forms in bloodstream, whereas
the free forms of most anthraquinones were predominant in kidney and liver.

© 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction antioxidation (Cai et al., 2004) and anti-diabetes (Zheng et al.,
2008). Despite these positive results, it remains unclear whether

Anthraquinones are a group of polyphenolic constituents in those activities found in vitro can exist in vivo.

Rhei Rhizoma (the rhizome of Rheum palmatum L., RP), which
is commonly used in clinical Chinese medicine as potent laxa-
tive, antibacterial, anti-inflammatory, anticancer, antispasmodic
and choleretic agents (Shen and Li, 1997; Shia et al., 2011). The
anthraquinones of RP include aloe-emodin, rhein, emodin, chryso-
phanol and physcion (chemical structures shown in Fig. 1) and
their glycosides (Li, 2002). Numerous studies reported that these
anthraquinones exhibited beneficial bioactivities such as anti-
cancer (Shi et al,, 2001; Pecere et al., 2003; Kuo et al., 2004; Guo
et al., 2007; Huang et al., 2007), antivirus (Shuangsuo et al., 2006),
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Our previous study documenting the pharmacokinetics of
anthraquinones after single dosing of RP has pointed out that
the free forms of aloe-emodin, emodin and chrysophanol were
not detected in blood by HPLC/UV detection, whereas their glu-
curonides/sulfates were predominant. The only free form found
in the circulation was rhein, which also presented mainly as its
glucuronides/sulfates (Shia et al., 2009). Later, another our study
reporting the tissue distribution of flavonoids of Scutellariae Radix
(root of Scutellariae baicalensis) disclosed that the free forms of
baicalein and wogonin were the major forms in many organs, in
contradiction to the finding in blood (Hou et al., 2011). Therefore,
in order to elucidate the real molecular forms and concentrations
of rhubarb anthraquinones in the circulation and in various organs
at the steady state, pharmacokinetic and tissue distribution stud-
ies following repeated dosing of RP decoction were conducted in
rats.
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Fig. 1. Chemical structures of anthraquinones.

2. Materials and methods
2.1. Chemicals

Aloe-emodin (purity 95%), rhein (purity 95%), emodin (purity
90%), chrysophanol (purity 98%), physcion (purity 95%), B-
glucuronidase (type B 1,666,400 units/g, from bovine liver),
sulfatase (type H 1, 14,400 units/g, from Helix pomatia, containing
300,000 units/g of B-glucuronidase) and 2-methlylanthraquinone
(purity 95%) were purchased from Sigma Chemical Co. (St. Louis,
MO, U.S.A.). Acetonitrile, methanol and ethyl acetate were LC
grade and purchased from Mallinckrodt Baker, Inc. (Phillips-
burg, NJ, US.A.). L(+)-Ascorbic acid was obtained from RdH
Laborchemikalien GmbH & Co. KG (Seelze, Germany). Other
reagents were HPLC grade or analytical reagent grade. Milli-Q plus
water (Millipore, Bedford, MA, U.S.A.) was used throughout this
study.

2.2. Instrumentation

The HPLC apparatus included a pump (LC-10AT, Shimadzu,
Japan), an UV spectrophotometric detector (SPD-10AVP, Shimadzu,
Japan), a fluorescence detector (RF-10A, Shimadzu, Japan) and
chromatopac (C-R6A, Shimadzu, Japan) with an automatic injec-
tor (SIL-10A, Shimadzu, Japan) and an Alltech Apollo C18 column
(5 pm, 4.6 mm x 150 mm, Alltech, Deerfield, IL, USA).

2.3. Preparation of RP decoction

The rhizomes of Rheum palmatum was purchased from a Chinese
drugstore in Taichung, Taiwan. The origin of the crude drug was
identified microscopically by the corresponding author Dr. Yu-Chi
Hou. Water (51) was added to 250¢g crude drugs and heating on
a gas stove. After boiling, gentle heating was continued until the
volume reduced to about 2.51 and then the mixture was filtered
while hot. The filtrate was gently boiled until the volume reduced
to less than 500 ml and sufficient water was added to make 500 ml,
which was immediately divided into aliquots and frozen at —20°C
for later use.

2.4. Quantitation of RP decoction and its acid hydrolysate

Rhubarb decoction (3.0 ml) was mixed with 7.0 ml of methanol
and centrifuged to remove polysaccharide. Then the properly
diluted rhubarb decoction (100 wl) was added with 100wl of
2-methylanthraquinone solution (50.0 wg/ml in methanol) as
internal standard and 20 .l were subjected to HPLC analysis. The
mobile phase consisted of acetonitrile (A)-0.1% phosphoric acid
(B) and programed in a gradient manner as follows: A/B: 50/50
(0-10min), 85/15 (15-22 min) and 50/50 (27 min). The detection
wavelength was set at 250 nm and the flow rate was 1.0 ml/min.

Acid hydrolysis of 1ml of the decoction was conducted by
adding 1 ml of 1.2 N HCI and the hydrolysis was conducted at 80°C
in a water bath for 6 h. The hydrolysate was then added with suffi-
cient methanol to make 2.0 ml before HPLC analysis. The contents
of glycosides of aloe-emodin, rhein, emodin, chrysophanol and
physcion were determined by subtracting the concentrations of
each aglycone in the decoction from those of correspondent agly-
cone in the decoction hydrolysate.

2.5. Animals

Male Sprague-Dawley rats were supplied by National Labora-
tory Animal Center (Taipei, Taiwan) and kept in Animal Center
of Chinese Medical University. The animal study adhered to “The
Guidebook for the Care and Use of Laboratory Animals (2002)”
(Published by the Chinese Society for the Animal Science, Taiwan,
ROC). The animal protocol was approved by Institutional Animal
Care and Use Committee (IACUC) of China Medical University. Rats
were housed in a 12-h light-dark cycle, constant temperature envi-
ronment prior to study.

2.6. Drug administration, blood and tissue collection

For pharmacokinetic study, six rats weighing 390-440 g were
fasted for 12 h before drug administration. After fasting, rats were
administered orally with 2.0 g/kg of RP decoction twice daily for 7
doses via gastric gavage in order to reach steady-state. In the 4th
day morning, blood samples (0.6 ml) were withdrawn from rats
under anesthesia with isoflurane at 15, 30, 60, 120, 240, 480, 720
and 1440 min after the 7th dose via cardiopuncture. The blood sam-
ples were collected in microtubes and centrifuged at 10,000 x g
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for 15 min to obtain the serum, which was stored at —20°C until
analysis.

For tissue distribution study, six rats weighing 350-450g
were administered RP decoction with the same dosage regimen
described above in pharmacokinetic study. In the 4th day morning,
rats were sacrificed at 30 min after the 7th dose and a blood sam-
ple was collected via cadiopuncture. Following immediate systemic
perfusion with cold saline, organs including liver, lung, kidney and
brain were removed, washed with cold saline, blotted dry with
filter paper and then accurately weighed. The tissues were homog-
enized with cold saline (3 g/5 ml) and the homogenates were stored
at —30°C until analysis.

2.7. Quantitation of anthraquinones and their
glucuronides/sulfates in serum and tissues

The determination of anthraquinone concentrations in serum
and tissue homogenates followed a previous method with minor
modification (Shia et al., 2009). For the assay of anthraquinone
aglycones, 100wl of serum or tissue homogenate was mixed
with 50wl of pH 5 acetate buffer and 50 ul of ascorbic acid
(100 mg/ml). The mixture was acidified with 50 wl of 0.1 N HCl
and partitioned with 250 pl of ethyl acetate (containing 1 jug/ml
of 2-methylantraquinone as internal standard). The ethyl acetate
layer was evaporated under N, gas to dryness and reconstituted
with 50 pl of methanol, then 20 .l was subjected to HPLC analysis.
For the quantitation of glucuronides and sulfates, 100 .1 of serum
or tissue was mixed with 50 pl of B-glucuronidase and sulfatase,
respectively, in pH 5 acetate buffer (1000 units/ml) and 50 .l of
ascorbicacid (100 mg/ml), then incubated at 37 °C for 10 min, which
had been determined by a preliminary time study. After hydroly-
sis, the serum or tissue homogenate was acidified with 50 .l of
0.1 N HCl and the later processes followed those described above.
The mobile phase consisted of acetonitrile (A) and 0.1% phospho-
ric acid (B), and a gradient elution program was run as follows:
A/B: 50/50 (0-10min), 85/15 (15 min), 80/20 (20 min) and 50/50
(25 min). For serum assay, the wavelength of UV detector was set
at 250 nm. For tissue assay, fluorescence detection was performed
with wavelengths of 435 and 515 nm for excitation and emission,
respectively. The flow rate was 1.0 ml/min.

For calibrator preparation, 100l of serum or tissue
homogenate each spiked with various concentrations of
anthraquinones was added with 50l of pH 5 buffer. The
later procedure was the same as that described above for serum
sample. The calibration graph was plotted by linear regression of
the peak area ratios (anthraquinones to internal standard) against
concentrations of anthraquinones.

The system suitability was evaluated through intra-day and
inter-day analysis of precision and accuracy. Recovery was assessed
by comparing the peak area obtained from extracted sample spiked
with standards to that obtained from unextracted standards in
extracted sample matrix, which represents 100% recovery. The
lower limit of quantitation (LLOQ) represents the lowest concentra-
tion of analysis in a sample that can be determined with acceptable
precision and accuracy, whereas limit of detection (LOD) repre-
sents the lowest concentration of analysis in a sample that can be
detected (with S/N > 3).

2.8. Data analysis

The peak serum or tissue concentration (Cmax) Was obtained
from experimental observation. The pharmacokinetic parameters
were analyzed by noncompartment model with the aid of the
program WinNonlin (version 1.1 SCI software, Statistical Con-
sulting, Inc., Apex, NC, US.A.). The area under the serum or
tissue concentration-time curve (AUCy_;) was calculated using

Table 1
Contents (pg/ml) of aloe-emodin, rhein, emodin, chrysophanol and physcion in RP
decoction before and after acid hydrolysis.

Constituents Before hydrolysis After hydrolysis

Aloe-emodin 119.5 613.6
Rhein 577.9 910.1
Emodin 114.4 552.6
Chrysophanol 90.5 471.1
Physcion 389 199.5

trapezoidal rule to the last point. The concentrations of
anthraquinone sulfates in tissue were obtained by subtract-
ing the concentration of anthraquinone glucuronides from that
of correspondent anthraquinone glucuronides/sulfates. Unpaired
Student’s t-test was used for statistical comparison taking p <0.05
as significant.

3. Results
3.1. Quantitation of anthraquinones in RP decoction

The quantitation of anthraquinones in RP decoction was per-
formed by HPLC analysis before and after acid hydrolysis. The
concentrations of each anthraquinone in the RP decoction before
and after acid hydrolysis were shown in Table 1. The most abun-
dant anthraquinone in RP decoction was rhein and the least
was physcion either before or after acid hydrolysis. Aloe-emodin,
emodin, chrysophanol and physcion were predominantly present
in glycoside forms, whereas rhein mainly existed in free form.

3.2. Quantitation of anthraquinones and their
glucuronides/sulfates in serum and tissues

The quantitation of anthraquinones and their glu-
curonides/sulfates in serum essentially employed a method
published previously (Shia et al, 2009). The serum analysis
revealed that rhein free form was present in all specimens, and
emodin free form existed only transiently in the early phase after
dosing, whereas the free forms of aloe-emodin, chrysophanol and
physcion were not detected. The glucuronides/sulfates of aloe-
emodin, rhein, emodin and chrysophanol predominantly existed
in bloodstream, while no trace of physcion glucuronides/sulfates
had been detected. The mean serum concentration-time pro-
files of each anthraquinone after the 7th dose of RP decoction
in six rats are shown in Fig. 2. All profiles revealed a second
peak, a clear indication of enterohepatic circulation for these
anthraquinones. The pharmacokinetic parameters of rhein free
form, glucuronides/sulfates (G/S) and glucuronides (G) of each
anthraquinone are listed in Table 2. The systemic exposures (area
under the concentration-time curve, AUC) of anthraquinones
ranked as follows: rhein G/S>rhein>emodin G/S>aloe-emodin
G/S > chrysophanol G/S.

The assay method of tissue homogenates was established and
validated in this study. The calibration ranges of aloe-emodin
(0.04-4.0 pg/ml), rhein (0.01-20.0 p.g/ml), emodin and chryso-
phanol (0.01-2.0 pg/ml) in various tissue homogenates were with
good linearities. The method validation indicated that all coeffi-
cients of variation in intra-run and inter-run analysis of various
tissue homogenates were below 9.9%, and the relative errors were
below 19.2%. For liver homogenate, the LLOQs and LODs were
0.04 and 0.01 p.g/ml for aloe-emodin and chrysophanol, 0.08 and
0.02 pg/ml for rhein, 0.06 and 0.01 wg/ml for emodin, respec-
tively. For kidney homogenate, the LLOQs and LODs were 0.01
and 0.006 p.g/ml for aloe-emodin, 0.06 and 0.04 p.g/ml for rhein,
0.08 and 0.005 pg/ml for emodin, 0.06 and 0.01 pg/ml for chryso-
phanol. For lung homogenate, the LLOQs and LODs were 0.008 and
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Table 2

1391

Pharmacokinetic parameters of anthraquinones and their glucuronides/sulfates (G/S) and glucuronide (G) after 7th dose of RP (2 g/kg) in six rats.

Constituents Metabolites Cmax (nmol/ml) AUC(_720 (nmol min/ml) MRTp-720 (min)
Aloe-emodin G/S 21+03 288.0 + 63.4 147.5 £ 194
G 1.5+0.2 151.7 £ 30.9 105.5 + 20.1
Rhein Free form 58 +0.7 1250.2 + 167.0 243.1 +£23.2
G/S 171 £ 1.7 3209.4 + 398.0 236.8 £ 13.1
G 93+13 1725.1 +£ 2943 215.5 + 282
Emodin G/S 3.7+03 717.0 + 62.8 235.9 + 15.2
G 2.1+£03 391.5 + 70.7 203.6 £+ 24.1
Chrysophanol G/S 1.8+02 161.6 + 47.6 93,5 +224
G 14+0.2 117.6 £ 27.6 136.5 £ 44.2

Cimax, the maximum concentration (nmol/ml).

AUCy_, the area under concentration-time curve to the last time (nmol min/ml).
MRTjy-;, the mean residence time (min).

Data expressed as mean +S.E.

0.002 p.g/ml for aloe-emodin, 0.04 and 0.01 pg/ml for rhein, 0.006
and 0.002 pg/ml for emodin, 0.004 and 0.001 pg/ml for chryso-
phanol, respectively. The recoveries of anthraquinones from liver,
kidney and lung were 68.6-84.2%, 78.0-111.1% and 76.9-109.4%,
respectively, at tested concentrations.

Tissue analysis had detected the free forms of aloe-emodin,
rhein, emodin and chrysophanol in many organs as shown in Fig. 3.
The tissue contents of each anthraquinone free form were ranked as
follows: kidney, liver >lung for aloe-emodin; kidney > liver > lung
for rhein; liver > lung for emodin; only traces of chrysophanol in
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kidney and liver. Among the assayed organs, the concentration
of rhein free form in kidney was the highest (24 ug/g) and even
much higher than serum concentration (14 pwg/ml). With regard
to the concentrations of glucuronides/sulfates, no traces of them
were found in liver. Only traces of S of aloe-emodin, rhein, emodin
were found in lung. Both G and S of aloe-emodin, rhein, emodin and
chrysophanol were present in kidney, but in much lower concen-
trations than their free forms. Neither physcion nor its G/S had been
detected in all tissues assayed. In addition, the free forms and the
G/S of each anthraquinone were not detected in all brains (Fig. 4).
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Fig. 2. Mean (+S.E.) serum concentration-time profiles of anthraquinones and their glucuronides/sulfates (G/S) and glucuronides (G) after the 7th dose of RP (2 g/kg) in six

rats. (a) Aloe-emodin, (b) rhein, (c) emodin, and (d) chrysophanol.
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Fig. 3. Concentrations of anthraquinones and their sulfates (S) and glucuronide (G) in serum (nmol/ml) and various tissues (nmol/g) after the 7th dose of RP (2 g/kg) in six
rats. (a) Aloe-emodin, (b) rhein, (¢) emodin, and (d) chrysophanol.
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4. Discussion

In order to reach the steady state of pharmacokinetics, a total
of seven doses of RP decoction have been administered twice daily
prior to the pharmacokinetic study (Shargel et al., 2005). For the
purpose to have enough blood to define the blood profiles of the
G/S and G of various anthraquinones, we have collected 18.8% of
the circulating blood within 24 h from each rat, which was below
the maximum blood sample volumes (20%) allowed for multiple
sampling in rats (Diehl et al., 2001). Quantitation results indicated
that the major molecules found in the bloodstream were the glu-
curonids/sulfates of aloe-emodin, rhein, emodin and chrysophanol.
Like the result of our previous single-dose study, the free form of
rhein was still present in the steady-state, which could be explained
by the chemical feature of rhein possessing a functionality of car-
boxylic acid with low affinity toward glucuronyl-transferase (Tukey
and Strassburg, 2000). The systemic exposure of rhein free form
was 39.0% of rhein G/S. The absence of the free forms of aloe-
emodin, emodin and chrysophanol in bloodstream suggested their
feasibility for metabolism during the first pass. In regard to the
null bioavailability of physcion within 6 h after dosing, this phe-
nomenon might be arisen from its low dose and high lipophilicity
which had been observed from the highest retention time than
other anthraquinones in reversed-phase HPLC, which probably led
to poor dissolution and the resultant negligible absorption. Besides,
extensive demethylation of physcion may also explain the null
bioavailability of physcion (Song et al., 2009).

The total AUC of rhein free form with its G/S was 14.5-, 6.2-
and 27.6-folds of aloe-emodin G/S, emodin G/S and chrysophanol
G/S, respectively, indicating that rhein G/S and rhein were major
molecules, followed by emodin G/S. However, our quantitaion of
RP decoction used in this study showed that the content of rhein
with its glycosides was only 1-2 folds of aloe-emodin, emodin and
chrysophanol with their glycosides. The unusual higher bioavail-
ability of rhein may be accounted for by the presence of many
prodrugs of rhien coexisting in RP, such as sennoside A and B,
aloe-emodin and chrysophanol, which could be metabolized to
rhein and rhein G/S (Mueller et al., 1998; Song et al., 2009). When
AUC(_720/dose of aloe-emodin G/S, emodin G/S and chrysophanol
G/S were calculated (data not shown), the comparison among them
indicated that the bioavailabilities of aloe-emodin and chryso-
phanol were much lower than that of emodin. An explanation for
this is that aloe-emodin and chrysophanol may be metabolized
to rhein and rhein G/S (Mueller et al., 1998; Song et al., 2009),
which resulted in lower systemic exposure of aloe-emodin G/S and
chrysophanol G/S.

Owing to considerable amount of glucuronidase in the sulfatase
(type H-1) used in this study, treatment with sulfatase resulted in
the hydrolysis of both sulfates and glucuronides. The profiles of G/S
of each anthraquinone were higher than correspondent profile of
G as shown in Fig. 2, indicating that their sulfates are present in
the circulation. Through subtracting the AUCy_75¢ of G from that of
correspondent G/S, the AUCy_75¢ of S of each anthraquinone can be
estimated. The ratios of AUC of anthraquinone S to those of corre-
spondent G/S following seven-dose administration were compared
with those following single dose (Shia et al., 2009) and indicated
that the ratios of S of aloe-emodin, rhein and emodin after seven-
dose administration of RP were increased by 744%, 144% and 460%.
This phenomenon may stem from the saturated glucuronidation
following multiple-dose administration like diflunisal (Verbeeck
et al., 1990).

In regard to tissue analysis, rats were sacrificed near the serum
peak time of G/S of various anthraquinones based on our phar-
macokinetic data. The quantitation methods of anthraquinones in
various tissue homogenates by HPLC-fluorescence detection were
established in this study (Yan and Ma, 2007; He et al., 2009).

Validation of the methods showed that the precision and accu-
racy of intra-run and inter-run analyses as well as the recoveries
were satisfactory. The lower limits of quantification (LOQs) for
anthraquinones were comparable to those reported by LC/MS
method (Fuh and Lin, 2003), while LC/MS/MS methods offered
higher sensitivity (Zan et al., 2011). The emergence of aloe-emodin
free form in liver, kidney, lung and chrysophanol free form in
liver, kidney should have been biotransformed from their G/S in
the circulation, which is probably due to the presence of decon-
jugation enzymes such as glucuronidase and sulfatase on the cell
membranes of these organs (O’Leary et al., 2001; Pasqualini and
Chetrite, 2005; Reed et al., 2005). The distribution of free forms of
aloe-emodin, rhein and chrysophanol was highest in kidney, fol-
lowed by liver and the least in lung. All these findings point to the
likelihood that the deconjugation fate of anthraquinone G/S var-
ied from organ to organ. The significantly lower concentrations of
anthraquinone G/S in kidney, liver and lung than those in serum
implied that they were not permeable between vascular compart-
ment and these organs. Neither free forms nor the G/S of various
anthraquinones were detected in all brains of six rats, suggesting
that these anthraquinones could not cross the blood-brain barrier
after administration of RP decoction.

Thus far there have been numerous in vitro assays investigat-
ing the bioactivities of commercially available polyphenols. For
instance, various beneficial activities of rhein, aloe-emodin, emodin
and chrysophanol have been reported (Shi et al., 2001; Pecere et al.,
2003; Sanchez et al., 2003; Jing et al., 2006; Park et al., 2009; Lu
etal., 2010). Based on our pharmacokinetic study showing that G/S
of aloe-emodin, rhein, emodin and chrysophanol were the major
forms in the blood, the in vitro bioactivities of anthraquinone free
forms, except rhein, might not properly predict the effects in vas-
cular system. On the other hand, our tissue analysis showing that
the free forms of aloe-emodin, rhein, emodin and chrysophanol
appeared as the major molecules in kidney and/or liver, suggesting
that the in vitro bioactivities of them might predict in vivo effects in
kidney and/or liver. However, the concentrations of anthraquinone
free forms being used by in vitro investigators were too high to be
achievable in vivo to exert pharmacological activity (Shi et al.,2001;
Pecere etal.,2003; Cai et al., 2004; Kuo et al., 2004; Shuangsuo et al.,
2006; Guo et al., 2007; Huang et al., 2007). Therefore, we suggest it
is not appropriate to predict the in vivo effects of anthraquinones
based merely on the previously published in vitro bioactivities.

In conclusion, anthraquinone G/S were the major forms in
bloodstream, whereas the free forms of anthraquinones were
mostly predominant in kidney and liver following repeated dosing
of RP decoction to rats.
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