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The reaction of p-hydroxybenzyl alcohol and hydroxyl radicals
generated by the Fenton reaction is studied. The products of the
reaction are separated and identified by high-performance liquid
chromatography (HPLC)–diode-array detection and HPLC–mass
spectrometry. According to the structures of the products, a
mechanism of the reaction is proposed.

Introduction

Free radicals play an important role in food oxidation and can
induce many diseases (1,2). Hydroxyl radicals, being extremely
reactive species, serve as both a primary toxicant and a source of
secondary toxicant. It can result in the strand breakage of DNA
and contribute to significant biological effects such as carcino-
genesis, mutagenesis, and cytotoxicity. The hydroxyl radical can
be produced in cells by a variety of processes such as phagocy-
tosis, antineoplastic agents, fungal phytotoxins, ionizing radia-
tion, and others (3,4). It is generally proposed that such a radical
could originate from a Fenton-type reaction (5,6): Fe2+ +H2O2→
Fe3+ + ·OH + OH–. Damage caused by the toxic effects of the
hydroxyl radicals is often decreased by antioxidants such as
phenol, mannitol, and flavonoids (7–10). Much attention has
been paid to the selection of inexpensive antioxidants with low
toxicity. Studies on searching for active antioxidants in natural
plants have attracted more and more attention.

Gastrodia elata Blume (GE) is a common traditional Chinese
medicine that has been used for many years for the treatment of
convulsion and epilepsy (11,12). Themain components of the GE
rhizome are p-hydroxybenzyl alcohol (HBA) and p-hydrox-
ymethyl-phenyl-β-D-glucopyranoside (gastrodin) (13–16).
Gastrodin is the most abundant and important biologically active
component of GE. A pharmacodynamic study has shown that gas-
trodin exists in bloodmainly asHBA,which is the aglycone of gas-
trodin (17). Some studies have reported that rats can live longer
in anoxic conditions after the injection of GE extract (18). Liu et

al. (19) reported that the extract of GE inhibits an increase in lipid
peroxide levels in the ipsilateral cortex and induces an early
increase of superoxide dismutase activity. They further confirmed
that HBA is a powerful scavenger of superoxide and hydroxyl rad-
icals using electron spin resonance spectroscopy (ESR) (20).
Recent studies on antioxidant mechanisms have indicated that
the chain reaction is controlled mainly through free-radical scav-
enging by the phenolic hydroxyls of antioxidants (21–24). In this
study, we first systematically studied the reaction of HBAwith the
·OH radical and then separated and identified the products of
the reaction by high-performance liquid chromatography
(HPLC)–diode-array detection (DAD) and HPLC–mass spectrom-
etry (MS). Detailed studies of the products of the reaction of HBA
with the ·OH radical should help clarify the individual mecha-
nisms.

Experimental

Reagents
HBA and p-hydroxybenzaldehyde (HD) were of analytical grade

and purchased from Sigma. p-Hydroxybenzoic acid (HA) was of
analytical grade and purchased from Beijing Chemical Reagents
Company (Beijing, China). Methanol was of HPLC grade, and all
other chemicals were of analytical grade.

Instruments
TheHPLC system (HP1100 chromatograph) consisted of a qua-

ternary pump, a DAD, and an HP ChemStation data system. The
HPLC–MS consisted of an HP1050 Chromatograph and an
England VG platform. The MS was equipped with an atmosphere
pressure ionization (API) source using the APCI inlet Shimadzu
(Kyoto, Japan) UV 2100S.

Chromatographic conditions
HPLC–DAD conditions
A Zorbax SB-C18 column (250- × 4.5-mm i.d., 5 µm) (Agilent,

Wilmington, DE) was used for separation. Methanol–water–iso-
propyl alcohol (35:55:10, v/v/v) was used as themobile phase with
a flow rate of 0.5mL/min. Themobile phasewas filtered by a 0.45-
µmmembrane filter before use. The UV detectionwavelengthwas
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270 nm and the column temperature 30°C. The inject volume of
samples was 10 µL.

HPLC–MS conditions
The HPLC conditions were the same as described previously.

The probe and ion source temperature were 550°C and 150°C,
respectively. The cone voltage was 14 V and the corona discharge
was set at 3.36 kV. Negative ion mass spectra of the analytes were
acquired from100 to 300 amuat a scan rate of 1 scan/s. TheHPLC
was directly connected to the MS without stream splitting.

Experimental methods
The reaction mixture contained 5.0 mL of

FeSO4 (1.0 mmol/L), 2.5 mL of H2O2 (30%), and
40mLofHBA (10–2mol/L). Themixturewas incu-
bated at 37°C in awater bath for 10min. Then, the
reaction products were analyzed by HPLC–DAD
andHPLC–MS after themixture was filtrated with
a 0.45-µmmembrane filter.

Results and Discussion

Separation and identification of the products in
the reaction system of HBA and the ·OH radical
by HPLC–DAD
Separation was performed by HPLC–DAD,

which can provide the UV spectrum of each chro-
matographic peak. The HPLC conditions were as
described previously. Baseline separation was
achieved within 10 min, as shown in Figure 1A.
When comparing the retention times (tR) of the
sample and the standard as shown in Figure 1B,
the peaks with tR values of 4.8, 5.9, and 8.7 min
corresponded with HA, HBA, and HD, respec-
tively. By changing the constitutes and concen-
trations of the mobile phase, the tR values of the
analytes were still corresponding well. The UV
spectra of the sample were very similar to those
of the standards (λmax data of each peak are
shown in Table I). The further identification of
these three compounds and others was made by
HPLC–MS.

Separation and identification of the reaction
products by HPLC–MS
Both the HPLC–UV and total ion chro-

matogram (TIC) of the sample are shown in
Figure 2. The peaks in TIC were slightly retarded
because of the dead volume of the apparatus.
Peaks were identified by negative ion mass, which
presented the molecular ion (M-H)–. The chro-
matograms of HPLC–UV (Figure 2A) and
HPLC–DAD (Figure 1A) were different even
though the chromatographic conditions were
identical. The reasons were: (a) the chro-
matograms of HPLC–DAD and HPLC–MS were
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Table I. Peak Assignments for the Analysis of the Reaction

Peak tR UV λmax
number (min) (M-H)– (nm) Compound

1 7.76 121 278 HD
2 5.43 137 275 3,4-dihydroxybenzaldehyde
3 4.65 123 275 HBA
4 4.01 139 270 3,4-dihydroxybenzyl alcohol
5 4.05 137 250 HA

Figure 2. HPLC chromatograms of the compounds separated and detected by HPLC–APCI-MS: (A)
HPLC–UV chromatogram and (B) HPLC–MS chromatogram.

A

B

Figure 1. HPLC chromatograms of (A) the reaction mixture of HBA and ·OH and (B) standards: HD, 1;
HBA, 2; and HA, 3.

A

B
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performed on different apparatuses; (b) the column efficiency of
HPLC–MS, which was interfaced by MS, was lower than that of
HPLC; and (c) in the chromatograms of HPLC–DAD and
HPLC–MS, the tR values of individual compounds were different,
and the relative positions of each peak in the chromatograms
were similar. The identification of the compounds in Figure 2B is
shown as follows.

Identification of HBA
When using negative ion mass in order to detect, the m/z of

HBA was 123, corresponding with M-1 (M, the molecular weight
of HBA, 124). From the mass chromatogram and mass spectrum
of peak 3 (Figures 3B and 4B), it can be seen that the compound
(peak 3) had relatively high intensity and purity. According to the
tR characteristics, UV spectrum, and mass spectrum, peak 3 with

a tR at 4.65 min was identified as HBA.

Identification of HD
According to themass chromatogram (m/z 121,

Figure 3A), there was a compound with a molec-
ular weight of 122 at 7.76 min, which had a rela-
tively high signal-to-noise ratio. The mass
spectrum displayed a relative high intensity
(Figure 4C). Using MS, UV, and tR, peak 1 was
identified as HD (Figure 5).

Identification of HA
According to HPLC–DAD, the peak at 4.05 min

should beHA. Obtained fromHPLC–MS, themass
chromatogram (m/z 137, Figure 3C) and mass
spectrum (Figure 4A) showed that the compound
with a molecular weight of 138 was one of the
products. Using MS, UV, and tR, HA was identified
as one of the products (Figure 6).

Two other products of the reaction
According to themass chromatogram (m/z 137,

Figure 3C) and mass spectrum (Figure 4D), there
was a compoundwith amolecularweight of 138 at
5.43 min in TIC. From the mass chromatogram
andmass spectrum (m/z 139, Figures 3D and 4A),
there was a compound with a molecular weight of
140 at 4.01 min, which coeluted with HA. Using
MS and UV data, peaks with tR values at 5.43 min
and 4.01min were identified as 3,4-dihydroxyben-
zaldehyde and 3,4-dihydroxybenzyl alcohol,
respectively. These two products will be further
discussed. The peak identification results are sum-
marized in Table I.

The mechanism of the reaction of HBA and
hydroxyl radicals
Chimi et al. (25) reported that some natural

phenolic compounds can scavenge a hydroxyl rad-
ical by the ESR method. The ·OH radical scav-
enging ability of phenolic compounds seems
directly correlated with the number of hydroxyl
groups substituted at the aromatic ring and to the
nature of the substituent at the p-position. Polar
substituents at the p-positionwere correlatedwith
a higher hydroxyl radical quenching ability. In the
molecular structure of HBA, there were phenolic
hydroxy and methylic hydroxy, which were the
main factors of the reaction of HBA and the ·OH
radical.
The α-C hydrogen that was directly connected

Figure 3. Mass chromatograms of the compounds separated and detected by HPLC–APCI-MS: (A) m/z
121, (B) m/z 123, (C) m/z 137, and (D) m/z 139.
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Figure 4. Mass spectra of the compounds separated and detected by HPLC–APCI-MS: (A) m/z 139 and
137 (tR = 4.05 min), (B) m/z 123 (tR = 4.65 min), (C) m/z 121 (tR = 7.76 min), and (D) m/z (tR = 5.43
min).
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withmethylic hydroxy was very active and affected by the hydroxy
group. The hydrogen was prone to be oxidized or extracted
(21–25). The methylic hydroxy of HBA can be oxidized into alde-
hyde or carboxyl when HBA reacts with the oxidative ·OH radical.
The reaction is shown in Figure 6.
Phenolic hydroxy has been regarded as the main factor of the

free radicals scavenging activities of antioxidants. The hydrogen
atoms of phenol at the neighboring or para position of OH
became very active and were prone to be substituted by other
atoms or atomgroups. Including phenolic substances substituted
with a hydroxyl group in the para position in a free radical gener-
ating systemwill result without equivocation in a hydroxyl radical
attack at the meta position (7,21–26). Therefore, the products
with M+ 138 and 140 were probably 3,4-dihydroxybenzyl alcohol
and 3,4-dihydroxybenzaldehyde. The identification of these two
compounds neededmore proof for confirmation because no stan-
dards were available.

Conclusion

The products of the reaction of HBA and the hydroxyl radical
were separated and identified by HPLC–DAD and HPLC–MS. A
mechanism of the reaction was proposed according to the struc-
tures of the products.

Acknowledgments

Financial support was provided by the Fundamental Research
Fund of Tsinghua University.

References

1. D.C. Borg, K.M. Schaich, and J.J. Elmore. Oxygen and Oxy Radicals
in Chemistry and Biology. M.A.J. Rodgers and E.L. Powers, Eds.
Academic Press, New York, NY, 1981, pp. 177–86.

2. B. Halliwell, R. Aeschbach, J. Loliger, and O.I. Aruoma. The charac-

terization of antioxidants. Food Chem. Toxic. 33: 601–17 (1995).
3. H.M. Swartz. Free Radicals inMolecular Biology, Aging andDisease,

Vol. 27. D. Armstrong, R.S. Sohal, and R.G. Cutler, Eds. Raven Press,
New York, NY, 1984, pp. 275–92.

4. R.L. Baehner, L.A. Boxer, and L.M. Ingraham. Free Radicals in
Biology, Vol. 5. W.A. Pryor, Eds. Academic Press, New York, NY,
1982, pp. 91–127.

5. B. Halliwell and J.M.C. Gutteridge. Oxygen toxicity, oxygen radicals,
transition metals and disease. Biochem. J. 219: 1–6 (1984).

6. J.M.C. Gutteridge, I.Z. Nagy, L. Maidt, and R.A. Floyd. ADP-iron as a
Fenton reactant: radical reactions detected by spin trapping,
hydrogen abstraction and aromatic hydroxylation. Arch. Biochem.
Biophys. 277: 422–28 (1990).

7. W.J. Xin, B.L. Zhao, X.J. Li, and J.W. Hou. Scavenging effects of
Chinese herbs and natural health products on active oxygen radicals.
Res. Chem. Intermed. 14: 171–83 (1990).

8. M. Baldioli, M. Servili, G. Perretti, and G.F. Montedoro. Antioxidant
activity of tocopherols and phenolic compounds of virgin olive oil.
J. Am. Oil Chem. Soc. 73: 1589–93 (1996).

9. S.R. Husain, J. Cillard, and P. Cillard. Hydroxyl radical scavenging
activity of flavenoids. Phytochemisty 26: 2489–91 (1987).

10. A.J. Cederbaum and G. Cohen. CRC Handbook of Methods for
Oxygen Radical Research. R.A. Greenwald, Eds. CRC Press, Boca
Raton, FL, 1985, pp. 81–87.

11. H.Z. Zheng, Z.H. Dong, and J. She. Modern Study of Traditional
Medicine. Xue Yuan Press, Beijing, China, 1997, pp. 885–907.

12. D. Shen and H. Chang. The anticonvulsant and analgesic activities of
Tianma (Gastrodia elata Bl.). Acta. Pharm. Sin. 10: 242–45 (1963).

13. H. Taguchi, I. Yosioka, and K. Yamasaki. Studies on the constituents
of Gastrodia elata Blume. Chem. Pharm. Bull. 29: 55–62 (1981).

14. J. Zhou, Y.B. Yang, and C.R. Yang. Studies on the constituents of Tian-
ma (Gastrodia elata Bl.). Acta. Chimica. Sinica 37: 183–88 (1979).

15. G. Lu. The biological active components of Gastrolia elata Bl. Chin.
Trad. Herbal Med. 16: 425–26 (1985).

16. Y.K. Zhao, Q.E. Cao, Y.Q. Xiang, and Z.D. Hu. Identification and
determination of active components in Gastrolia elata Bl. by capil-
lary electrophoresis. J. Chromatogr. A 849: 277–83 (1999).

17. G. Lu, Y. Zhou, and Q. Mo. The absorption, distribution, metabolism,
and excretion of 3H-gastrodin (3H-p-hydroxymethyl phenyl-β-D-glu-
copyranoside). Acta Pharm. Sin. 20: 167–72 (1985).

18. J.H. Huang and G.L. Wang. Studies on some pharmacological effects
of Gastrodia injection and Gastrodin. Acta Acad. Med. Sin. 7:
399–402 (1985).

19. J. Liu and A. Mori. Antioxidant and free radical scavenging activities
of Gastrodia elata Bl. and Uncaria rhynchophylla (Miq.) Jacks.
Neuropharmacology 31: 1287–98 (1992).

20. J. Liu and A. Mori. Antioxidant and pro-oxidant activities of p-
hydroxybenzyl alcohol and vanillin: effects on free radicals, brain
peroxidation and degradation of benzoate, deoxyribose, amino acids
and DNA. Neuropharmacology 32: 659–69 (1993).

21. W. Bors, W. Heller, C. Michel, and M. Saran. Flavonoids as antioxi-
dants: determination of radical-scavenging efficiencies. Methods
Enzymol. 186: 343–55 (1990).

22. M. Jonsson, J. Lind, T. Reitberger, T.E. Eriksen, and G. Merenyi. Free
radical combination reactions involving phenoxyl radicals. J. Phys.
Chem. 97: 8229–33 (1993).

23. H.Y. Zhang. Selection of theoretical parameter characterizing scav-
enging activity of antioxidants on free radicals. J. Am.Oil Chem. Soc.
75: 1705–1709 (1998).

24. H.Y. Zhang. Theoretical methods used in elucidating activity differ-
ences of phenolic antioxidants. J. Am. Oil Chem. Soc. 76: 745–48
(1999).

25. H. Chimi, J. Cillard, P. Cillard, and M. Rahmani. Peroxyl and
hydroxyl radical scavenging activity of some natural phenolic antiox-
idants. J. Am. Oil Chem. Soc. 68: 307–312 (1991).

26. Q.Y. Xin, R.Q. Xu, Z. Zhou, and W.W. Pei. Basic Organic Chemistry,
2nd ed. Advance Education Press, Beijing, China, 1994, pp. 763–72.

Manuscript accepted June 7, 2001.

Figure 5. Reaction yielding HD.

Figure 6. Reaction yielding HA.


