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Abstract

The influence of light and solution pH on the stability behavior of phloroglucinols (hyperforin and adhyperforin) and naphthodianthrones
(hypericin, pseudohypericin, protohypericin and protopseudohypericin) extracted with methanol from St. John’s wort idgppeiézum
perforatumL.) were studied using liquid chromatography—mass spectrometry (LC—-MS). When exposed to light, hyperforin and adhyperforin
in this extract solution degraded rapidly, particularly at pH 7, where within 12 h complete transformation was observed. Contrastingly, when
protected from light, the solutions regardless of pH, underwent minimal transformation after 36 h. Under light and neutral pH conditions,
phloroglucinols and naphthodianthrones had different stability behaviors, which were attributed to the different oxidation mechanisms. Four
experiments performed on naphthodianthrones exhibited serious transformation at acidic pHs. One hyperforin transformation product was
studied using LC-MS. The molecular structure was proposed on the basis of ion fragmentation patterns obtained from MS/MS studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction elucidation of transformation products due to their detailed
structural information. Wolfender et al. recently conducted
Over the past two decades, St. John's wétygericum structural elucidation of isomeric oxidized forms of hyper-
perforatumL.) has been the subject of research aimed at es- forin using both LC—-MS and LC-NMRL9]. Typically, NMR
tablishing the chemical and pharmacological basis of the an-analysis requires a labor-intensive separation and isolation
tidepressant activity of its extracts. St. John’s wort contains process from a relatively large quantity of materials. Addi-
groups of naphthodianthrones and phloroglucinols, which tionally, at times it may not be clear whether the isolated
contribute to its antidepressant activity. Numerous papers compound is the original transformation product or an artifact
have been published in the areas of isolation and purifica- resulting from the extraction or isolation processes. LC-MS
tion of hyperforin[1], supercritical carbon dioxide extrac- can be a powerful tool for structure elucidation of transfor-
tion[2], HPLC analytical assg$-5], capillary electrophore-  mation products due to its high sensitivity, fast and direct
sis[6], optimization of extraction conditior§], NIR rapid analysis capability, and structure-rich fragmentation pattern.
quantificatior]8], characterization of hyperforin transforma- The technique has been widely used in the pharmaceutical
tion products using mass spectromef®y-14] and nuclear industry to identify drug degradation products, impurities,
magnetic resonance (NMR) spectroscfii-19] 'H NMR and by-products. The use of LC-MS for identification of hy-
and3C NMR spectra are often the preferred techniques for perforin transformation products provides a fast and direct
analysis, which is the major benefit of LC—MS compared to
* The views presented in this article do not necessarily reflect those of the NMR. Although a number of papers were published onthe ap-
US Food and Drug Administration. plication of LC—MS to the St. John’s wort extractifi+14],

* Corresponding author. Tel.: +1 862 778 4956; fax: +19737812019.  most of the studies focused on the quantitative applications.
E-mail addresscharles.pan@pharma.novartis.com (C. Pan).

0731-7085/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2004.10.034



304 F. Liu et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 303-312

Recently, Fuzzati et a]10] conducted LC-MS/MS studies  are generally more stable due to their aromatic conjugation
of St. John’s wort extraction and proposed several hyperforin [5], except that the proto forms are not stable under light.
transformation products. The objectives of this study are to investigate the influence

The molecular structures of six active constituents in the of lightand solution pH on the stability behavior of phloroglu-
St. John's wort are illustrated beld®]. Based on the struc-  cinols and naphthodianthrones in St. John’s wort methanol
tural characteristics, these six compounds can be divided intoextraction and to identify a hyperforin transformation com-
two different groups: phloroglucinols and naphthodianth- pound using LC-MS. In this study methanol was chosen as
rones. Phloroglucinol compounds are sensitive to oxidation the closest extraction solvent representative of ethanol, which
and unstable in solutions, especially when exposed to lightis typically used in commercial St. John’s wort manufacturing
and aif9,10]. In comparison, naphthodianthrone compounds processes.

PHLOROGLUCINOLS
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Fig. 1. Influence of light and pH on hyperfori®@} and adhyperforink).

2. Experimental of methanol was added, and then the flask was covered
with aluminum foil to protect from room light. The powder
2.1. Sample preparation soaked in methanol was sonicated for half-an-hour. The so-

lution was centrifuged at 3000 rpm for 10 min to obtain clear
Methanol purchased from Fisher Scientific Co. (New Jer- supernatant. A 10 mL portion of the supernatant was then
sey, USA) was bubbled with Nflow for 10 min to elimi- adjusted to form acidic solutions (pH 2) by adding the cal-
nate dissolved oxygen. Dry St. John’s wort powders were culated amounts of hydrochloric acid 1N solution (certified,
purchased from Frontier Natural Product Corporation (Nor- 1.005-0.995N, Aldrich Chemical Co., Milwaukee, Wiscon-
way, lowa, USA). About 5mg of dry St. John’s wort pow- sin, USA). The pH of un-adjusted methanol extraction was
ders were weighed into an Erlenmeyer flask, to which 30 mL about 7 measured by pH indicator paper (Whatman Co., New
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Fig. 2. Influence of light and pH on hyperici®] and protohypericink).



306 F. Liu et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 303-312

pH 7,dark pH 2, dark
[1+]
g 155.00 o 155.00
T
< <
= s
$ 100.00 oo = - " 3 100.0
o o
3 H
B 45.00 N 4500
= ©
E E
S -10.00 . ' ! , : G -10.00 . : ; ‘ i
4 0 10 20 30 40 50 = 0 10 20 30 40 50
(a) Time (Hr) (b) Time (Hr)
pH 7, under light pH 2, under light
g 155.00 { +—= . — g 155.00
5 5 f\
100.00 100.0
2 g |
N 45.00 N 4500
] T
£ " " " " E
o -10.00 — . — = o -10.00 : ; , : s
= 0 10 20 30 40 50 = 0 10 20 30 40 50
(© Time (Hr) (d) Time (Hr)
Fig. 3. Influence of light and pH on pseudohyperid®) @nd protopseudohypericia].
RT:2.03 - 257.46 9.21 NL:
14000000 (A) 1.47E7
] .. Channel B
12000000 Pseudohypericin uv
E StJohn_p
10000000 H7_O
f,‘ 8000000 B 17.77
E Protopseudohypericin
6000000 738
4000000
2000000 1897
1 289 355 9.90 A 1748 19.55 2114 2223 2343 2393 2515
9.19 NL:
3 (B) 1.96E7
180000003 Channel B
3 uv
16000000 E 17.81 StJohn_p
140000002 Hypericin H7_8
y 120000003
A 100000003
Y 80000003
60000003
40000003 Protohypericin
20000003 1515
3 304 345 A 17.28 20,26 2150 2254 2313 2537
T T T 1 T 1 T 1 T I 1 | T T [ 1 1 T | T T 1 ‘ T T T | T T T T T T ‘ T T T | T T T T T T
4 6 8 10 12 14 16 18 20 22 24

Time (min)

Fig. 4. (A) Chromatogram of St. John’s wort methanol extraction at pH 7, initial conditions (no light exposure), detected by UV at 588 nm. (B) Glaramatog
of St. John’s wort methanol extraction at pH 7, light exposure for 6 h, detected by UV at 588 nm.
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Jersey, USA). The extracted sample solutions were stored abefore returning to the initial condition. The injection size
room temperature (2) in clear HPLC vials, which were  was 15uL and the total run time was 48 min. A diode ar-
exposed to conventional white fluorescent lamps in the lab- ray detector (ThermoQuest UV 6000 LP PDA) was used to
oratory. The same extraction solutions were stored in ambermonitor UV-vis signals in a spectrum ranging from 200 to
HPLC vials for comparison. Each of the vials was analyzed 700 nm.
by LC-MS at set time intervals up to 48 h.

Although t_he sta_mda_rd reference substances to be studiedz_s_ Mass spectrometer
were not available in this study, the UV spectra and MS spec-
tra of phloroglucinols and naphthodianthrones have been well
known in the literature. As a result, the identity of these com-
pounds can be readily confirmed by LC-MS dHi@,19]

All mass spectral data were collected using a l9€%@jon
trap mass spectrometer (ThermoFinnigan, San Jose, Califor-
nia, USA) equipped with an electrospray ionization source.
Both positive and negative ionization modes were operated
22 HPLC during the acquisition to confirm the molecular weight de-
termination. The tune conditions were set as follows: source

A Waters 2690 Alliance HPLC system was used in this Voltage SkV, capillary voltage 3V, sheath gas flow 80, aux-
study. The separation was achieved using a YMC-Pack Prolliary gas flow 20, capillary temperature 300. The mass
Cis 4.6 mmx 100 mm column with a particle size of@n. range from 250 to 1000 amu was acquired with a collision
A neutral mobile phase was used in order to run both positive €n€rgy of 40 on the selected ions in the MS/MS studies.
and negative ionization modes in one sample injection. The
mobile pha;es were: (A)a mixtqre of 20 mM. ammqnium ac- 3 Results and discussion
etate (Aldrich Chemical Co., Milwaukee, Wisconsin, USA)
and acetonitrile (Fisher Scientific Co., New Jersey, USA) in 3.1. Stability evaluation of St. John's wort extraction
a ratio of 9:1; (B) acetonitrile. The flow rate was 1 mL/min
with a gradient elution beginning with 50% B, changing lin- LC-MS was used to monitor the responses (peak area) of
early to 100% B from 2 to 22 min, and then holding 15 min phloroglucinols and naphthodianthrones in St. John’s wort
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Fig. 5. (A) Positive ion mass spectrum of the peak at 12.7 min (hyperforin); (B) negative ion mass spectrum of the peak at 12.7 min (hyperforitiye(C) posi
ion MS/MS spectrum ofivz 537 (hyperforin M +H]* ion).
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methanol extraction under a variety of testing conditions, cant intensity change observed over 3 and 4 days. In case 2,
such as pH and light exposure. Phlorogucinols are very weakacidic pH and no light exposure (refer fdgs. 2b and 3)
acidic and could form both positive and negative ions. A pos- no ring formation was observed, however, decomposition
itive ionization mode was used for phlorogucinols as it could did occur. These four compounds gradually degraded over
provide more structural information. For naphthodianthrones time with similar decomposition rates. In case 3, neutral
compounds, a negative ionization mode was used as they argH with light exposure (refer t&igs. 2c and 3y ring for-
acidic and readily form negative ions in the electrospray ion- mation did occur without significant other compound trans-
ization source. formation. The two compounds with closed-ring structures
The relative effects of light exposure and solution pH on (hypericin and pseudohypericin) rapidly increased at the
the stability of both phloroglucinols and naphthodianthrones initial period, reaching a plateau within 6 h, and then hold-
have been shown iRigs. 1-3In each of these plots, the peak ing constant over 48 h. In comparison, protohypericin and
area responses have been normalized to their respective zerprotopseudohypericin (open-ring structures) underwent rapid
time values. As seen iRig. la and b, hyperforin and adhy- and complete photocoversion with no detectable amounts
perforin were quite stable at pH 7 and pH 2 when protected present after just 6 h. In case 4, acidic pH with light expo-
from light. However, when the same solutions were exposed sure (refer toFigs. 2d and 3) the most dramatic changes
to light (Fig. 1c and d), the stability behavior became strongly occurred with both ring formation and significant transfor-
pH dependent, with almost complete conversion occurring at mation evident. Hypericin and pseudohypericin (close-ring
pH 7 in just 12 h while at pH 2 approximately 50% remains structures) increased quickly during the first 3h, and then
after 48 h. The similar stability trends for hyperforin and ad- decreased continuously without forming a plateau. The pres-
hyperforin are not surprising since their structures only differ ence of acid appears to cause hypericin and pseudohypericin

by one methylene group. to degrade continuously over time, whereas with protohyper-
The impact of light and solution pH on naphthodianthrone icin and protopseudohypericin (open-ring system) complete
compounds can be classified into four specific cases: changes were observed in just 3 h.

In case 1, neutral pH and no light exposure (refer to Fig. 4illustrates the chromatographic comparison of two
Figs. 2a and 3aneither ring formation nor transformation extraction solutions measured at 588 nm, the optimal wave-
was observed for any of the four naphthodianthrone com- length for naphthodianthrone compounds. Chromatogram A
pounds studied. They were all quite stable, with no signifi- is the initial solution at pH 7 without light exposure. All
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Fig. 7. (A) Total ion (+) chromatogram of St. John’s wort methanol extraction at pH 2, light exposure for 48 h; (B) positive ion mass spectrum of the peak a
7.2 min; (C) negative ion mass spectrum of the peak at 7.2 min; (D) positive ion MS/MS spectnmb@.
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four naphthodianthrone compounds were observed in theto that of hyperforin Fig. 5. A comparison of the key frag-
chromatogram. Chromatogram B is the same solution but ments of these two compounds is shown in the table below:
exposed to light for 6 h. It was noted that hypericin and

pseudohypericin (closed-ring structure) are increased at theqyperforin Unknown at 7.2 min Difference (Da)
expense (reduction) of protohypericin and protopseudohy-
pericin (protocompounds, open-ring structure). Chromato- 537 M + HJ* 569 M +HJ* 32
graphic comparison of these two extraction samples clearly 44 513 32
shows that the ring formation is the principal transformation
of the ‘proto-compound’ after light exposure. 469 501 32
It is interesting to note that light exposure has distinctly 411 443 32
different effects on hyperforin and hypericin in pH 7 so- 345 345 0
lutions. Hyperforin was seen to decompose completely in 54~ 277 0

12 h Fig. 1c) while under the same conditions, hypericin re-
mained stable for 48 H+{g. 2c). This suggests that different
reaction pathways may be occurring for each of these com-
pounds.

The marked increase in oxidation when hyperforin is ex-
posed to light, particularly at neutral pHs, may indicate a
susceptibility to light-induced free radical reactions. This ob-
servation is consistent with previously published papers on
the photochemical characterization of hyperforin and hyper-
icin [20-28] In contrast to hyperforin, hypericin (closed-ring
structure) increased initially through light-induced ring clo-
sure of protohypericin (open-ring structure) at neutral pH.
The resulting closed-ring molecule is highly conjugated and
not susceptible to light-induced free radical reactions. This
is consistent with the results kig. 2c. For the same reason,
similar behaviors were also observed for pseudohypericin
and protopseudohypericifrig. 3c).

The fragment ions of/z 277 and 345 are not changed
as these two fragments correspond to the hyperforin six- and
eight-membered rings, respectiveljid. 6). Three fragments
from the unknown were 32 amu higher than the correspond-
ing fragments from hyperforin. This indicates that these three
fragments are structurally related to the hyperforin fragments
with the addition of two oxygen atoms.

Further analysis of the mass spectral data reveals five pairs
of ions with a common neutral loss of 34 amu in the MS/MS
spectrum Fig. 7), indicating that these two oxygen atoms
must be bound together on the molecule since they are lost
together. These five pairs of ions are summarized in the table
below:

Fragment ions ofiVz 569, an M + H]* Difference (Da)
ion of unknown peak at 7.2 min

3.2. MS identification of a hyperforin transformation 569 535 34
product £13 479 i
In order toidentify the structures of hyperforin transforma- 501 467 34
445 411 34

tion products using LC-MS, the ion fragmentation pathway
of the hyperforin protonated molecular iotMf H]* atm/z 443 409 34
537)was studied. The mass spectrawere acquired in both pos
itive and negative ionization modes to determine the molec-  The presence of aneutral loss of 34 amu typically indicates
ular weights of the unknowns. In addition, MS/MS spectra the removal of a hydrogen peroxide (HOH) molecule from
were acquired for the selected ions of interest. As shown the corresponding parent ion.

in Fig. 5, the hyperforin molecule has a unique neutral loss  The five pairs of ion fragments strongly suggest that the
pattern of alkenes. The ion fragmentation in the MS/MS pro- unknown at 7.2 min is a hydroperoxide compound degraded
cess yields neutral losses of isobuten&6), isoprene-{68) fromthe hyperforin molecule. Based on the ion fragmentation
and dimethylketene{70). The sub-structures of the hyper- pattern discussed above, this unknown is proposed as furo-
forin fragments and the proposed fragmentation pathways arenyperforin hydroperoxide and its structure is shown below.
shown inFig. 6. The presence of these neutral losses in the
MS/MS spectra of the selecteM [+ H]* ion is strongly in-
dicative of a compound structurally related to the hyperforin
molecule.

The peak eluted at 7.2 min was not initially observed in
the methanol extractions of St. John’s wort. The peak grew
over time under light and acidic conditions but did not form
at neutral conditions. The unknown has a protonated molec-
ularion M +H]* of m/z569, confirmed by the presence of a
deprotonated molecular ioM[— H]~ of mz567. The frag- MW : 568.3764
ment pattern of this molecular iofig. 7) corresponds well MF : C35H5206
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m/z 569 m/z 501

Proposed structure
34 l - H202

+

m/z 443 miz 513 -68 m/z 467
-34 | - H202 -34 | -H202
i i H+
— P H+
-68 m/z 445
-34 | - H202
L - - - _ H+

m/z 479

m/z 409

m/z 411

Fig. 8. Proposed fragmentation pathwayf 569 (RT = 7.2 min) for furohyperforin hydroperoxide.

The proposed fragmentation pathway for furohyperforin 4. Conclusions
hydroperoxide is shown ifig. 8. In addition to the unique
neutral loss of alkenes similar to the hyperforin molecule, this  Light and solution pH have profound impacts on the sta-
molecule shows a unique neutral loss of hydrogen peroxide bility behavior of methanolic solution of phloroglucinols and
in five pairs of fragments. The proposed structure matchesnaphthodianthrones extracted from St. John’s wort powder
well with the fragmentation ions detected in the MS/MS (H. perforatumL.). Under light hyperforin was found to be
studies. more stable in an acidic extraction than in a neutral extraction.
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LC-MSwas usedto conduct fast and direct analyses of hyper-[12] A. Piovan, R. Filippini, R. Caniato, A. Borsarini, L.B. Maleci, E.M.

forin transformation products. One of the hyperforin trans-
formation products found in acidic and light conditions was
studied by LC-MS/MS. The transformation compound gen-
erated a very unique ion fragmentation pattern, from which
its structure was proposed.
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