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ABSTRACT

The hydrolytic kinetics and degradation mechanism of 2,3,5,4'-tetrahydroxystilbene-2-0-f3-p-glycoside
(THSG) extracted from Radix Polygoni Multiflori (a commonly used officinal Chinese herbal Heshouwu),
were investigated using reversed-phase high-performance liquid chromatography (HPLC) and liquid
chromatography-mass spectrometry (LC-MS). The influences of pH (1.5-9.9), temperature (25-60°C)
and irradiation on the hydrolysis of THSG were studied in aqueous solutions. The results showed that
the degradation of THSG was pH-, temperature- and irradiation-dependent and all followed first-order
kinetics. The effect of temperature on the rate of THSG degradation was characterized using the Arrhenius
equation. Maximum stability of THSG was found at pH 1.5 (to5 =47.57 d). THSG was unstable in alkaline
and irradiation conditions. The active energy (E,) of THSG degradation in aqueous solution at pH 6.8
(most frequently adopted extract solvent) under lucifugal and irradiation conditions was 47.7 k] mol-!
and 25.3 k] mol~, respectively. Three hydrolytic products of THSG were identified by LC-MS. Cis-trans
isomerism took place under irradiation, and hydrolysis took place in acid-base conditions. Moreover, fur-
ther oxidation on aglycon occurred after hydrolytic cleavage of phenolic glycoside in acidic conditions.
The possible hydrolytic pathways of THSG are proposed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Radix Polygoni Multiflori, one of the authentic Chinese herbal
drugs (HDs) in the Chinese pharmacopeia, has been recognized
as an important health protection and nutritional supplement
for thousands of years. Dozens of Chinese herbal drug prepa-
rations (HPDs), healthy tea and food containing Radix Polygoni
Multiflori have been developed and sold in China and East Asia.
As the bioactive and marker ingredient of Radix Polygoni Multi-
flori, 2,3,5,4'-tetrahydroxystilbene-2-0-3-p-glycoside (THSG) has
been proved to possess a variety of bioactivities. Recent pharma-
cological studies indicated that THSG has strong antioxidant and
free radical scavenging activity [1-3]. In addition, THSG is indi-
cated to reduce hyperlipidemia, prevent lipid peroxidation (LPO)
and protect the cardiovascular system [4-6]. It is also effective in
the prophylactic and therapeutic treatment of Alzheimer’s disease
[7,8].

Similar to other polyhydroxy stilbene compounds (such as
resveratrol), the bioactivities of THSG have mainly been attributed
to its antioxidant property, which is related to the polyphenolic
unit (Fig. 1). This structure is also related to its instability [9-11].
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THSG is thought to be oxidized and hydrolyzed, ultimately, result-
ing in degradative decomposition. Ban et al. discovered that THSG
was unstable in extreme pH environments (4% sulfuric acid and 4%
NaOH)[12]. However, to the best of our knowledge, there have been
no reports on the chemical stability and degradation mechanism of
THSG.

Since decoction is the most common dosage form of TCM, the
stability of THSG in aqueous solution was investigated in this study
for the first time. The study aimed to make available information
on the inherent stability of THSG in aqueous solution under ICH
guidelines and SFDA guidelines [13]. The stability research carried
out under stress conditions (different temperatures, pH values, irra-
diation conditions) serves as facile models for understanding the
degradation mechanisms of THSG in aqueous solution.

2. Materials and methods
2.1. Chemicals

THSG was isolated from Radix Polygoni Multifloriin the Research
Institute of Traditional Chinese Medicine, Tianjin University of Tra-
ditional Chinese Medicine. Silica gel column chromatography and
recrystallization were adopted to separate and purify THSG. The TLC
results showed a pure fleck in different solvent system. Following
identification by LC-MS, TH NMR and 13C NMR, the purity of THSG
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Fig. 1. The structure of THSG.

was found to be greater than 96.5% as determined by HPLC. The
THSG reference was purchased from the National Institute for the
Control of Biological and Pharmaceutical Drugs (Beijing, PR China,
Batch No. 110844-200606). Acetonitrile was bought from Merck
(Merck & Co., Inc., US). All other chemicals used in this experiment
were analytical grade.

2.2. Analytical method

2.2.1. HPLC method

The analysis of THSG was performed using a Waters 600E
HPLC system equipped with a 2487 UV-Detector (Waters Cor-
poration, US) on a Waters SymmetryShield™ RP-C;3 column
(150 mm x 3.9 mm, 5 pm). The column was maintained at 25 °C, the
detection wavelength was 320 nm, the flow rate was 1.0 mLmin~!,
and injection volume was 10 pL. An isocratic elution was used
with acetonitrile-water (24:76, v/v) for the stability studies. These
methods allowed satisfactory chromatographic separation. No
interference with THSG and/or its degradants was exhibited by
blank injections.

2.2.2. HPLC-ESI/MS method

The degradants were identified by HPLC-MS (Agilent 1100
series HPLC, Agilent Technology, US; LCQ Iontrap MS, Finnigan Cor-
poration, US). MS detection was performed using an electrospray
ionization (ESI) source, both in positive and negative modes. The
HPLC conditions for LC-MS analysis were achieved on a linear gra-
dient of acetonitrile-water from 25% to 50% acetonitrile for 40 min.
The column was kept at 25°C, the flow rate was 1.0mLmin~1!,
post-column split. The MS parameters were set as follows: aux-
iliary gas was 5 arbitrary units; sheath gas was 20 arbitrary units;
spray voltage was 4.5kV; capillary temperature was 300°C. The
mass spectrometer was programmed to perform full scans from
100 to 1000 m/z in order to obtain molecular ion signals as well as
fragments or adducts of the possible degradation products.

2.3. Sample solution

To avoid contamination by microorganisms, all glassware was
sterilized by autoclaving for at least 20min at 120°C prior to
use. The THSG reference was dissolved in methanol to obtain a
stock solution with a concentration of 500 ug mL~! (stored at 4°C
in the dark). The final concentration of all stability samples was
10 g mL~1, which was obtained by mixing a 2:98 ratio of stock
solution with the appropriate experimental solution. Seven solu-
tions of different pH value (pH 1.5-9.9) were prepared using sodium
hydroxide and hydrochloric acid prior to use, the pH values of all
solutions were determined by a pH meter (DELTA 320, METTLER
TOLEDO Corporation, Switzerland) equipped with a combination
electrode, which was calibrated with primary buffer solution of pH
4.01, 6.86 and 9.18.

2.4. THSG stability studies

2.4.1. Effect of pH

To evaluate the effect of pH on hydrolysis of THSG, all stabil-
ity samples at different pH values were sealed in screw-topped,
light-proof test tubes and then kept at 25°C. The samples were
subjected to HPLC analysis to determine the content of THSG peri-
odically. Observed rate constants (k) at different pH values were
obtained by a chemical kinetic equation to evaluate the influence
of pH (1.5-9.9) on hydrolysis. Linear regression analysis was per-
formed on the data using the computer software program Microsoft
Excel 2007 (Microsoft Corp., US), with the given k., and half-life
of THSG.

2.4.2. Effect of temperature

The influence of temperature on degradation was investigated
in aqueous solution at pH 6.8 (most commonly used form of TCM
herbal drugs). All samples were sealed in screw-topped, light-proof
test tubes and placed in a high precision water bath capable of con-
trolling the temperature within 0.5 °C. Samples were periodically
withdrawn and cooled to ambient temperature before injection.
The kinetics of hydrolysis were investigated at 25°C, 34°C, 44°C,
50°Cand 60°C. An Arrhenius plot was adopted to analyze the influ-
ence of temperature on the rate of degradation.

2.4.3. Effect of irradiation

Samples were prepared in aqueous solution at pH 6.8 and kept
in a stability chamber (KBF, WTB Binder, Germany) equipped with
incandescent light (GLS-20W-C Philips, Netherland). Illuminance
(En) was controlled at 660+ 50 I1x and real time monitored by a
luminometer (TES-1332A digital-lux meter, TES, Taipei, China). The
cumulative illuminance (Eqym) was calculated using the equation:
Ecum = 2'En x At. The samples were moved from the chamber and
cooled before detection to quench the reaction. The content of THSG
was determined by HPLC. To evaluate the influence of irradiation,
kops and active energy (E,) were also obtained at 25 °C, 34°C, 44°C,
50°C and 60 °C similar to Section 2.4.2 by comparing with samples
in dark conditions.

2.5. Characterization of degradation products

THSG and its degradation products formed under all the stress
conditions were separated and identified by HPLC-ESI/MS. In
addition, the spectrophotometric characteristics of THSG aqueous
solution under each condition was studied by spectrophotome-
try (Cary50, Varian, US) from 200nm to 600 nm to investigate
UV behavior using appropriate blank solutions. The degradation
products were deduced based on the combination of MS and
spectrophotometric information. Furthermore, the degradation
mechanism of THSG was proposed.

3. Results and discussion
3.1. Hydrolytic kinetics

For a given concentration of THSG under conditions of differ-
ent temperature, pH value and irradiation, the linear relationship
between the natural logarithmic remaining percentage of THSG
(In(C¢/Cp)) and hydrolytic time were depicted, respectively. High
correlation coefficients (r over 0.99) were observed from the kinetic
plots under all experimental conditions, therefore, the hydrolysis
of THSG could be modeled using first-order kinetics. The k,,s were
obtained from the slope of the kinetic plots and active energy was
calculated from the Arrhenius equation.
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Fig. 2. Relationship of In(C;/Cy) and hydrolysis time for THSG at 25 °C in aqueous.

Table 1

Kinetic data of the hydrolysis of THSG at 25 °C in aqueous solutions.
pH k(d-1) r tyj2 (days)
1.5 0.0146 0.945 47.57
23 0.0224 0.986 30.94
3.6 0.0326 0.969 21.26
4.6 0.0457 0.997 15.17
5.9 0.0883 0.964 7.85
6.8 0.1440 0.962 4.81
7.9 0.4141 0.964 1.67
8.8 0.8898 0.995 0.78
9.9 6.3928 0.973 0.11

3.2. pH-rate profile of THSG

The change in THSG concentration versus time could be depicted
as shownin Fig. 2. The ks and t 5 of THSG at different pH values are
giveninTable 1.1t was shown that the maximum ks of degradation
(pH 9.9) was 654 times higher than that of the minimum (pH 1.5).
To better characterize the effects of pH (1.5-9.9) on the hydrolysis
of THSG, the natural logarithm of k,,s was plotted in Fig. 3 against
pH values. The k,,s were found to increase with pH. A linear regres-
sion between Ink and pH (r=0.9562) was conducted to model the
degradation characteristics of THSG in aqueous solutions.

As shown in Fig. 2, the most stable condition for THSG was found
to be pH 1.5, while it was extremely unstable in alkaline conditions.
It is thought that the hydrolysis was catalyzed both by hydrogen
and hydroxyl ion. However, phenolic glycoside was more suscepti-
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Fig. 3. Relationship between log (k) and pH for THSG at 25 °C in aqueous solutions.
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Fig. 4. Relationship between In (k) and 1/T for THSG hydrolysis in aqueous solutions
of pH 6.8.

ble in alkaline conditions. Thus, the alkaline catalysis reaction was
much steadier.

3.3. Influence of temperature

The hydrolysis of THSG in neutral aqueous solution (pH 6.8) was
monitored at a temperature range of 25-60 °C. The effects of tem-
perature on the degradation rate of THSG were characterized by
the Arrhenius equation:

Eq
Ink=InA - RT
where A is the pre-exponential factor typical of THSG hydrolysis
reaction, E, is the activation energy (Jmol~1), R is the universal gas
constant (8.314J K~ mol~1), and T is the absolute temperature (K)
[14,15].

According to the Arrhenius equation, the activation energy of
THSG was calculated to be 47.7 kJ mol~1, indicating that THSG in
neutral aqueous solution (pH 6.8) was liable to degrade at ambient
temperature.

As shown in Fig. 4, the degradation of THSG in aqueous solu-
tion (pH 6.8) at different temperatures followed first-order kinetics
because a good linear relationship (r was above 0.99) was found
between In(C¢/Cy) and time. The ks obtained by kinetic equation
increased as temperature increased.

3.4. Influence of irradiation

The degradation rate constant (Kopsighr)) Of THSG at different
temperatures under irradiation conditions was obtained from lin-
ear regression of In(Ct/Cy) versus Eqym. The degradation reaction
was observed to follow first order kinetics and was irradiation-
dependent. Active energy (E, jign;) Was calculated by the Arrhenius
equation to be 25.3 kjmol~!. This indicated that THSG was unsta-
ble under irradiation in aqueous solution of pH 6.8. The degradation
reaction took place easily when THSG was exposed to light at ambi-
ent temperature.

3.5. Spectrometry analysis

3.5.1. In alkaline conditions (pH 9.9)

In alkaline conditions (pH 9.9), a red shift (from 320nm to
349 nm) was observed initially. However, the spectra recorded at a
later time were clearly blue shifted (from 349 nm to 280 nm) with
respect to the initial wavelength (Fig. 5).

At first, rapid ionization of phenolic hydroxyls in alkaline solu-
tion led to an increase in electron cloud density of the benzene ring.
The conjugation effect in the system was strengthened, leading to
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Fig. 5. Change of UV absorption with time of THSG hydrolysis in aqueous solutions
(peak 1 in pH 6.8 and series peak 2 in pH 9.9).

red shift of the maximum wavelength. However, the subsequent
blue shift was thought to be induced by the formation of a new
chromophore.

3.5.2. Under irradiation

In the irradiation test, a small blue-shift of the absorption max-
imum (from 320 to 290) was observed. This was thought to be
attributed to a lower degree of symmetry and conjugation of the
new product (Fig. 6).

3.6. Degradation products

There were three degradants formed in acidic, alkaline and irra-
diation conditions, respectively. As far as we known, no available
information on the degradants of THSG have been reported in the
literature. On the basis of the chemical structure of THSG and the
analytical results (UV-vis spectrometry, HPLC-MS, HPLC-MS/MS),
the degradation products of THSG in aqueous solution were
deduced and are illustrated in Table 2.
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Fig. 6. Change of UV absorption with time of THSG hydrolysis in aqueous solutions
in pH 6.8 under irradiation.

Degradation product 1 was detected as +ESI m/z=243 and
—ESI m/z=241. Neutral loss of 164amu was found. The C2 glu-
cosidic bond was cleaved due to acid catalysis hydrolysis. The
C2-C3 o-di-hydroxybenzene of aglycon was oxidized steadily to
C2-C3 o-dibenzoquinone (1-4’-hydroxy-phenylethyl-5-hydroxy-
2,3-0-benzoquinone). C2-C5 p-dibenzoquinone (1-4’-hydroxy-
phenylethyl-3-hydroxy-2,3-p-benzoquinone) was produced due
to keto-enol tautomerism with C5 hydroxyl. Thus, degradation
product 1 was deduced to be 1-4’-hydroxy-phenylethyl-5-
hydroxy-2,3-0-benzoquinone and/or 1-4’-hydroxy-phenylethyl-3-
hydroxy-2,3-p-benzoquinone.

Degradation product 2 was detected as +ESI m/z=268 and
—ESI m/z=243. Neutral loss of 162 amu was thought to be one
glucose molecule lost from THSG. The C2 glucoside was liable
to be hydrolyzed in alkaline conditions. Influenced by the C3
and C5 hydroxyl, C2 hydroxyl showed enhanced acidity. It was
salified steadily to form a sodium salt which hampered further
oxidation. Degradation product 2 was deduced to be 2,3,5,4'-
tetrahydroxystilbene sodium salt.

Degradation product 3 was detected as +ESI m/z=407 and —ESI
m/z=405. Similar to THSG, the base peak m/z =245 in the +ESI MS?

o
O

OH

tautomerization

HO
Product 1

— OH
oo —— ST O
OH HO/‘/;,/

OH
Product 3

OH
or
ONa
HO

Product 2

Scheme 1. Proposed degradative pathway of THSG in aqueous solution.
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Table 2
The MS analysis result of THSG degradation products.

Conditions Name Retention time (min) Positive ion (m/z) Negative ion (m/z) Supposed structure

Acidic Product 1 20.5 243 241 1-4'-Hydroxy-phenylethyl-5-hydroxy-2,3-o-
benzoquinone or
1-4’-hydroxy-phenylethyl-3-hydroxy-2,5-p-benzoquinone

Alkaline Product 2 8.3 267 243 2,3,5,4'-Tetrahydroxystilbene sodium salt

Irradiation Product 3 11.7 405 407 Cis-2,3,5,4'-tetrahydroxystilbene-2-0O-3-p-glycoside

- THSG 14.2 405 407 Trans-2,3,5,4'-tetrahydroxystilbene-2-0-3-p-glycoside

spectrum was generated by loss of 162 amu from the precursor ion. Acknowledgment

However, degradation product 3 and THSG showed different reten-
tion times on single HPLC analysis. It is thought that degradation
product 3 (cis-2,3,5,4'-tetrahydroxystilbene-2-0-(3-p-glycoside)
and THSG (trans-2,3,5,4’-tetrahydroxystilbene-2-0-3-p-glycoside)
were cis-trans isomers. The stereospecific blockade of the cis-
form of THSG hindered the hydrolysis of the glucosidic bond.
Cis[trans isomerization on the C=C skeleton was also reported
[16].

3.7. Degradation pathway

Following identification of all degradation products, the degra-
dation pathway of THSG is depicted in Scheme 1. In acidic
conditions, oxidation of the aglycone occurred after hydrolytic
cleavage of the glucosidic bond. Salification of the aglycone of THSG
occurred in sodium hydroxide solution. Cis-trans isomerization of
THSG occurred under irradiation conditions. Trans-THSG exists in
nature and is converted to cis-THSG.

4. Conclusion

The stability of THSG in aqueous solution was studied following
the ICH and SFDA guidelines. The degradation of THSG was found
to be pH-, temperature- and irradiation-dependent. Degradation of
THSG followed first-order kinetics. The half-life at 25°C was pre-
dicted to be 47.57 d at pH 1.5 and 0.11 d at pH 9.9. The activation
energy of THSG in neutral aqueous solution (pH 6.8) was calculated
to be 47.7k]Jmol~! and 25.3kJmol~! under lucifugal and irradi-
ation conditions, respectively. These results indicated that THSG
was unstable under alkaline or irradiation conditions. It is sug-
gested that THSG should be extracted, isolated and kept in acidic
conditions and protected from light.

The degradation mechanism was thought to be acid- and base-
catalyzed hydrolysis and oxidation in THSG aqueous solution under
lucifugal conditions. Isomerization took place under irradiation.
Three degradation products were formed and were separated and
identified successfully by HPLC, LC-MS, and UV spectrometry. The
stability research on THSG in aqueous solution could provide reli-
able information on the preparation, application and storage of HDs
and HPDs containing THSG.

This work was financially supported by the Doctoral Fund
of Ministry of Education of the People’s Republic of China (No.
20070063003).

References

[1] G. Ryu, J.H. Ju, Y.J. Park, S.Y. Ryu, B.W. Choi, B.H. Lee, The radical scavenging
effects of stilbene glucosides from Polygonum multiflorum, Arch. Pharm. Res.
25 (2002) 636-639.

[2] X. Wang, L. Zhao, T. Han, S. Chen, ]. Wang, Protective effects of
2,3,5,4'-tetrahydroxystilbene-2-0-beta-p-glucoside, an active component of
Polygonum multiflorum Thunb, on experimental colitis in mice, Eur. J. Phar-
macol. 578 (2008) 339-348.

[3] W.Zhang,C.H.Wang,F.Li, W.Z.Zhu, 2,3,4’,5-Tetrahydroxystilbene-2-O-beta-p-
glucoside suppresses matrix metalloproteinase expression and inflammation
in atherosclerotic rats, Clin. Exp. Pharmacol. Physiol. 35 (2008) 310-316.

[4] QL. Liu, JH. Xiao, R. Ma, Y. Ban, ]JL. Wang, Effect of 2,3,54'-
tetrahydroxystilbene-2-O-beta-p-glucoside on lipoprotein oxidation and
proliferation of coronary arterial smooth cells, J. Asian Nat. Prod. Res. 9 (2007)
689-697.

[5] Y.Kimura, H. Okuda, S. Arichi, Effects of stilbenes on arachidonate metabolism
in leukocytes, Biochim. Biophys. Acta 834 (1985) 275-278.

[6] C.Y. Wang, L.T. Zhang, Z.F. Yuan, Y.B. Jin, Z. Zhang, Blood lipid regulation of
ethylacetate extracting fraction and stilbene glycoside from tuber of Polygonum
multiflorum, Chin. Traditional Herbal Drugs 39 (2008) 78-83.

[7] R.Wang, Y. Tang, B. Feng, C. Ye, L. Fang, L. Zhang, L. Li, Changes in hippocampal
synapses and learning-memory abilities in age-increasing rats and effects of
tetrahydroxystilbene glucoside in aged rats, Neuroscience 149 (2007) 739-746.

[8] X. Jia, ].Z. Chen, Z.F. Yang, H. Chen, J.P. Zhang, J. Zhang, W.F. Jiang, Neuropro-
tective effect of tetrahydroxystilbene gulcoside on the rat model of Parkinson’s
disease, Chin. ]. New Drugs 17 (2008) 748-753.

[9] G. Regev-Shoshani, O. Shoseyov, Z. Kerem, Influence of lipophilicity on the
interactions of hydroxy stilbenes with cytochrome P450 3A4, Biochem. Bio-
phys. Res. Commun. 323 (2004) 668-673.

[10] L.S. Lu, Study on stilbene from roots of Polygonum multiglorum Thunb antioxi-
dant activities in vitro, Food Sci. 28 (2007) 313-317.

[11] CJ. Wang, R. Wy, Y. Jin, Theoretical study on the effect of different substituted
radicals on antioxidant activity of phenolic hydroxyl group, J. Wenzhou Med.
Coll. 37 (2007) 440-444.

[12] Y.Ban, Q.L.Liy,Y.Jin, ].L. Wang, Determination of stilbene-glucoside and inves-
tigation on its stability, Chin. Traditional Herbal Drugs 35 (2004) 1235-1237.

[13] ICH, Stability Testing of New Drug Substances and Products (Q1AR), Interna-
tional Conference on Harmonization, IFPMA, Geneva, 2000.

[14] K.D. Lin, D.X. Yuan, Y.Z. Deng, M. Chen, Hydrolytic products and kinetics of
triazophos in buffered and alkaline solutions with different values of pH, J.
Agric. Food Chem. 52 (2004) 5404-5411.

[15] Y.X.Guo, Z.L. Xiu, D.J. Zhang, H. Wang, L.X. Wang, H.B. Xiao, Kinetics and mech-
anism of degradation of lithospermic acid B in aqueous solution, J. Pharm.
Biomed. Anal. 43 (2006) 1249-1255.

[16] Z.X. Wang, XJ. Zhang, Y. Zhou, A convenient synthesis of trans and cis-3,4,5-
trihydroxystilbene, J. Chin. Pharm. Sci. 14 (2005) 204-208.



	Kinetics and mechanism of 2,3,5,4′-tetrahydroxystilbene-2-O-β-d-glycoside (THSG) degradation in aqueous solutions
	Introduction
	Materials and methods
	Chemicals
	Analytical method
	HPLC method
	HPLC–ESI/MS method

	Sample solution
	THSG stability studies
	Effect of pH
	Effect of temperature
	Effect of irradiation

	Characterization of degradation products

	Results and discussion
	Hydrolytic kinetics
	pH-rate profile of THSG
	Influence of temperature
	Influence of irradiation
	Spectrometry analysis
	In alkaline conditions (pH 9.9)
	Under irradiation

	Degradation products
	Degradation pathway

	Conclusion
	Acknowledgment
	References


