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Abstract

Schisandrin B (Sch B) is one of the active dibenzocyclooctadiene lignans found in the Schisandrae
Fructus. Experimental studies have shown that Sch B possesses various pharmacological proper-
ties, including anti-cancer, neuroprotective and nephroprotective activities. However, no detailed
information on its biotransformation was reported in the literature. Here, we investigated the in
vitro and in vivo metabolism of Sch B by using ultra-performance liquid chromatography coupled
with tandem mass spectrometry. In vitro study detected and identified one oxygenated metabolite.
Four metabolites were detected and identified from the in vivo study. The results indicated that
the metabolism of Sch B mainly involved the demethylation of methoxy groups, the opening of
five-member ring and the glucuronidation of metabolites in rats. The metabolites were identified
for the first time by MS/MS analyses.
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1. Introduction

Schisandrin B (Sch B, Figure 1) is the most abundant active dibenzocyclooctadiene lignan isolated from Schi-
sandrae Fructus, the fruit of Schisandra chinensis (Turcz) Baillon (Wu-Wei-Zi in Chinese), which grows wild in
Russia, Northeast China, Korea and Japan. The herb is commonly used in Chinese medicine for therapeutic
(clinically prescribed for the treatment of viral and chemical hepatitis [1]) and health-promoting purposes. Given
the broad range of therapeutic application of Schisandrae Fructus, scientists have attempted to isolate the active
ingredient in Schisandrae Fructus. In 1950s, an active principle, schisandrin (a dibenzocyclooctadiene lignan)
was first successfully isolated in form of crystal [2]. Then more than 30 lignans have been subsequently isolated,
including Sch B. A growing body of experimental evidence has shown that Sch B possesses a wide spectrum of
biological activities. It has been demonstrated that Sch B produces anti-cancer action in vitro and in vivo by in-
hibiting cancer invasion and metastasis or enhancing doxorubicin-induced apoptosis of cancer cells [3]-[6]. Sch
B was also found to protect against carbon tetrachloride-induced hepatotoxicity [7]-[11] and enhance the hepa-
toprotection against various toxicants in rodents [12]-[16]. In addition, a number of studies showed that Sch B
protected against nephrotoxicity induced by cisplatin [17] [18], cyclosporine A [19], gentamicin [20] and mer-
cury in rodents [21] [22]. Other biological activities of Sch B included antioxidation [23]-[27], anti-inflamma-
tion [28] [29] and cytoprotection in vitro [30].

Lee et al. demonstrated that Sch B produced neuroprotective effect on rats subjected to transient focal cere-
bral ischemia, presumably by inhibiting inflammation and preventing metalloproteinase degradation [31]. Re-
cently, it has been reported that Sch B produced anti-neuroinflammatory action in lipopolysaccharide-induced
microglia [32]. Sch B also produced protection against AB;.4-induced neurotoxicity in vitro [33]. Furthermore,
it has recently been reported that Sch B is able to prevent age-related neurodegeneration [34], cerebral ischemia/
reperfusion injury in vivo [35] and cerebral toxicity induced by hydroperoxide in vivo [36].

The tissue non-specific protective action of Sch B has made it a promising lead compound for new drug de-
velopment. In this regard, in vivo pharmacokinetics and tissue distribution study of Sch B has been reported [37].
Sun et al. determined the metabolites of Sch B in vivo by measuring the accurate mass of the predicted metabo-
lite using Q-TOF [38]. However, there was no precise identification of Sch B metabolites. For a better under-
standing of the biochemical mechanism underlying the tissue protection afforded by Sch B, we endeavored to
investigate the metabolism of Sch B in vitro and in vivo by MS/MS analyses which enabled the identification of
key metabolites.

Mass spectrometry analysis can provide information such as molecular weight, fragment ions and other
chemical structural parameters on the analyte. Liquid chromatography coupled with tandem mass spectrometry
(LC-MS" is a powerful technique for determining and identifying the compound of interest. The high sensitivity
of MS used as a LC detector facilitates the detection of new minor constituents, which is otherwise not detecta-
ble by classical means. HPLC-MS [39]-[41] and UPLC-MS [42] methods have been used to determine the level
of Sch B in biological samples. The results indicated that mass spectrometry was highly specific and sensitive
for identifying Sch B from biological matrix. In these studies, LC-MS was proved to be a rapid, specific and
sensitive method to detect the presence of Sch B. In the present study, a rapid, sensitive and specific UPLC-
MS/MS method was developed to study the in vitro and in vivo metabolism of Sch B.

Cy3H,50 MW: 400

Figure 1. Chemical structure of schisandrin B.



T. X. Qian et al.

2. Materials and Methods
2.1. Reagents

Sch B (purity > 99%) was isolated from the fruit of Schisandra chinensis (Turcz) Baillon. Rat S9 fraction,
NADPH and glucose-6-phosphate (G-6-P) were purchased from Sigma Company (St. Louis, MO, USA). Ace-
tonitrile of HPLC grade was purchased from Duksan Pure Chemicals (Kyunkido, Korea). Methanol was pur-
chased from Tedia (Fairfield, OH, USA). All other reagents were of highest purity available. Potassium phos-
phate solution is prepared in-house using the aforementioned reagents. Deionized water used in the experiments
was produced from a Milli-Q system (Millipore, Milford, MA, USA).

2.2. In Vitro Study of Sch B in Rat S9 Fraction

Five microliters of 10 mM Sch B solution was incubated with a 1 mL potassium phosphate solution (100 mM,
pH 7.4) containing rat liver S9 fraction (1 mg/mL), cofactors NADPH (1 mM), G-6-P (10 mM) and activator
MgCl, (3 mM). The incubation was carried out for 2 h at 37°C. The incubation mixture was then collected and 4
mL cold methanol was used to quench the metabolic reaction by precipitating all proteins as well as to extract
Sch B and its metabolites. The methanol extract was then centrifuged at 8000 x g for 10 min. The supernatant
was dried under nitrogen stream and the residue was dissolved in 3 mL 20% methanol in H,O (w/w). The re-
constituted solution was pretreated by solid phase extraction before the UPLC-MS analysis. Negative control
incubations containing no Sch B were conducted under the same experimental conditions, and the samples were
also pretreated by solid phase extraction prior to UPLC-MS analysis.

2.3. In Vivo Study of the Metabolism of Sch B in Rats

Male Sprague-Dawley rats were obtained from the Animal and Plant Care Facilities in the Hong Kong Univer-
sity of Science & Technology. The experimental protocol was approved by the Research Practice Committee in
HKUST. Sch B was orally administered (50 mg/kg) to male Sprague Dawley rats (body weight 200 - 220 g,
prior fasting but with water for 12 h). Rats were housed in metabolic cages that allowed the separated collection
of urine and feces samples. Urine and feces samples were collected from 0 to 48 hours post-dosing with Sch B.

2.4. Solid Phase Extraction Procedure

All samples from rat liver S9 fraction incubation as well as urine and feces samples were pretreated by solid
phase extraction (SPE) prior to UPLC-MS analysis. Waters Sep-Pak C;g SPE column (1 mL, 50 mg) was first
preconditioned with 2 mL methanol and then equilibrated with 2 mL pure water. Samples were loaded onto the
preconditioned SPE columns directly. After being washed with 2 mL pure water, the SPE column was eluted
using 2 mL methanol solution. The eluted methanol solution was dried with nitrogen stream, and the residue was
reconstituted in 1 mL methanol and centrifuged at 8000 x g for 10 min. The supernatant was injected into the
UPLC-MS system for analysis.

2.5. Sample Preparation

Urine samples were filtered and then pretreated by solid phase extraction, as described above. Ten microliter of
the supernatant was analyzed by using UPLC-MS and UPLC-MS/MS for Sch B and its metabolites.

Feces samples were suspended in pure water and then the mixture was sonicated for 30 min. The feces sus-
pension was filtered and then pretreated by solid phase extraction. Ten microliter of the supernatant was ana-
lyzed by using UPLC-MS and UPLC-MS/MS for Sch B and its metabolites.

2.6. UPLC-ESI-MS Analysis

The UPLC-ESI-MS system consisted of a Waters Acquity ultra performance LC and a Waters Xevo G2 Q-Tof
mass spectrometer (Waters, Singapore). Positive ESI ion mode was used to analyze Sch B and its metabolites in
biological samples. The following parameters of the mass tune for positive ion mode were used: capillary vol-
tage 3.0 KV, sampling cone 20, extraction cone 4.0, the source temperature at 150°C and desolvation tempera-
ture at 400°C, the desolvation gas flow at 800 L/h. Full-scan mass spectra at a mass range of m/z 50 - 1000 were
acquired. Mass chromatogram for protonated molecular [M + H]" ions of Sch B and its metabolites were used
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for the determination. Molecular ion masses of potential metabolites were examined and the corresponding ex-
tracted mass chromatograms were recorded. Chromatographic separation was achieved on a Waters Acquity
UPLC BEH Cyg column (2.1 mm x 50 mm, 1.7 um, Ireland). The mobile phase consisted of 0.1% formic acid in
water (A) and acetonitrile (B). The gradient program was from 30% B, changed to 100% B within 2 min and
held at 100% B for 4 min, then back to 30% B within 1 min and held 30% B till 10 min at a flow rate of 0.35
mL/min. B. The acquired UPLC-MS data were processed using Marker Lynx (Waters, Singapore).

3. Results
3.1. UPLC-MS and UPLC-MS/MS Analyses of Sch B

Conditions for UPLC and MS analysis were optimized with standard Sch B and the MS chromatogram and
MS/MS spectrum of Sch B were shown in Figure 2. Sch B was eluted at about 5.27 min under the present
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Figure 2. Full scan UPLC-MS chromatogram and MS/MS spectrum of standard Sch B ((a) Raw chromatogram data; (b)
MS/MS spectrum) and metabolite M1 ((c) Raw chromatogram data; (d) MS/MS spectrum) detected from the in vitro incuba-

tion sample with rat S9.
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experimental conditions with the protonated molecular ion at m/z 401 (Figure 2(a)). Figure 2(b) shows the
MS/MS spectrum of standard Sch B, with the fragment ions at m/z 386 (M + H — 15), 370 (M + H — 31), 355 (M
+H—46),331 (M +H-70),316 (M + H—85), 300 (M + H — 101, base peak) and 285 (M + H — 116).

3.2. Determination of Sch B Metabolites from Rat S9 Fraction Incubation

By comparing with the negative control of in vitro incubation, the metabolite detection was achieved by UPLC-
MS analysis and confirmed with UPLC-MS/MS experiments in positive ESI mode. One metabolite was detected
from the incubation sample, namely, M1. Figure 2(c) and Figure 2(d) show the UPLC-MS chromatogram and
the MS/MS spectrum of the metabolite M1, respectively. The extract ion of M1 was detected at m/z 417 (Figure
2(c)). Figure 2(d) shows the UPLC-MS/MS spectrum of metabolite M1. MS/MS analysis of M1 revealed the
same fragment pattern as the parent Sch B (Figure 2(b)).

3.3. UPLC-MS/MS Analyses of Metabolites in Feces Collected Sch B-Treated Rats

Similar to the in vitro study, the metabolite detections were achieved by UPLC-MS analyses and confirmed with
MS/MS experiments in positive ESI mode. After comparing with blank feces sample, four metabolites, namely,
M1, M2, M3 and M4 (m/z 471, 387, 389 and 565, respectively), were detected in rat feces samples collected
during the period of 0 - 48 h following the oral administration of Sch B (Figure 3). As shown in Figure 3(a),
both UPLC-MS data and MS/MS spectra of the peak at 5.06 (min) were identical to those of M1, whereas the
other two peaks at 4.81 and 3.63 were also detected in the blank feces sample. Thus, the peak at 5.06 was identi-
fied as M1. Four demethylated metabolites at m/z value of 387 were identified at retention times of 4.82, 4.74,
4.68, 3.66 min from the UPLC-MS analysis of the feces sample (Figure 3(b), M2). The peaks at 5.52 and 3.99
also existed in blank feces sample. Three peaks for the extracted ion at m/z 389 (M3, Figure 3(c), peak at 3.38
also existed in blank sample) revealed the existence of isomer status for M3. However, the metabolite M4 at m/z
565 (M4, Figure 3(d)) showed the peak at 3.47.

Figure 4 shows the MS/MS spectrum of M2, M3 and M4. The MS/MS spectra of M2 at 4.82, 4.74, 4.68 and
3.66 in the chromatogram were shown in Figure 3(b). Based on the protonated molecular ion at m/z 387
(Figure 4(a)), the fragment ions at m/z 372, 355 and 340, as well as fragment ions at m/z 317, 302, 286 (base
peak) and 271 produced a similar fragmentation pattern to that of the parent Sch B (Figure 2(b)). While Figure
4(b) shows the MS/MS spectrum of M3 at 4.04 and 3.47 in the chromatogram shown in Figure 3(c), Figure 4(c)
shows the MS/MS spectrum of M4 at 3.47 in the chromatogram shown in Figure 3(d).

3.4. UPLC-MS/MS Analyses of Metabolites in Rat Urine Collected from Sch B-Dosed Rats

Similar to the feces sample, the metabolite detection in urine sample was achieved by UPLC-MS analyses and
confirmed with MS/MS experiments in positive ESI mode. When comparing with blank urine sample, three
metabolites were detected in rat urine sample collected during the period of O - 48 h following the oral adminis-
tration of Sch B. MS/MS analyses showed that the data were consistent with those of M2-M4, which were iden-
tified metabolites in rat feces. UPLC-MS chromatogram and MS/MS spectrum were not described here. The
high resolution MS data and accurate MS error of Sch B and the metabolites were shown in Table 1. The high
accuracy of MS data confirmed the identification of metabolites.

4. Discussion

In the MS/MS spectrum of standard Sch B (Figure 2(b)), based on the protonated molecular ion at m/z 401, the
fragment ions at m/z 386 (M + H — 15), 370 (M + H — 31) and 355 (M + H — 46) indicated the loss of CHj,
OCHj; and OCH; + CH3; moieties, respectively, while the fragment ions at m/z 331 (M + H — 70), 316 (M + H —
85), 300 (M + H — 101, base peak) and 285 (M + H — 116) evidenced the loss of CsH1g, CsH1g + CH3, CsHyp +
OCHj; and CsH,o + OCH3 + CH; moieties, respectively. The results suggested that fragment pathways of Sch B
under ESI-MS involved the loss of CH; and OCH5 from the methoxy groups of the structure, as well as opening
of the octa-member ring and the loss of CsH4,. The fragment pattern of Sch B, as observed in the present study,
was consistent with that reported by He et al. [43].

The UPLC-MS chromatogram of metabolite M1 (Figure 2(c)) demonstrated that the extract ion of M1 was
detected at m/z 417 (Figure 2(c)), which was 16 Da larger than the parent Sch B (at m/z 401) (Figure 2(a)),
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suggesting that M1 was a mono-oxygenated Sch B. In the UPLC-MS/MS spectrum of metabolite M1 (Figure
2(d)), MS/MS analysis of M1 revealed the same fragment pattern as the parent Sch B (Figure 2(b)), suggesting
that M1 was an oxygenated metabolite of Sch B. The fragment ion at m/z 347 [M — 70 + H]" indicated that the
oxygenation site was at C, or Cy;. The identification was further confirmed by high-accuracy MS analysis, with
the mass error between the theoretical (417.1913) and measured (417.1923) m/z values of the [M + H]" ion be-
ing less than 2.5 ppm (Table 1).

Table 1. Molecular formula, accurate mass, measured mass and mass error of Sch B and its metabolites in rat.

Name Molecular formula Accurate [M + H]* Measured [M + H]* Mass error (ppm)
SchB C23H250s 401.1964 401.1989 6.23
M1 CasH2507 417.1913 417.1923 2.39
M2 C22H2605 387.1808 387.1809 0.26
M3 C22H2505 389.1964 389.1983 4.88
M4 CasH36012 565.2285 565.2281 -0.71
- 5.06
M1
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Figure 3. Extracted UPLC-MS chromatogram of M1-M4 m/z 417 (a), 387 (b), 389 (c), 565 (d) detected from rat feces sam-
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When we examined the metabolites in feces collected Sch B-treated rats using UPLC-MS/MS four metabo-
lites, namely, M1, M2, M3 and M4, were detected (Figure 3). These four isomeric demethylated metabolites
(M2, Figure 3(b)) may have resulted from the enzymatic hydrolysis of the methoxy groups in Sch B. Three
peaks for the extracted ion at m/z 389 (M3, Figure 3(c)) revealed the existence of isomer status for M3. Howev-
er, the metabolite M4 at m/z 565 (M4, Figure 3(d)) showed the peak at 3.47, which was 176 Da larger than the
metabolite M3 at m/z 389 (Figure 3(c)), suggestive of a product derived from the glucuronidation of M3.

The UPLC-MS/MS spectrum of metabolite M2, M3 and M4 were also analyzed in the present study. The
MS/MS spectra of M2 (Figure 4(a)) at 4.82, 4.74, 4.68 and 3.66 in the chromatogram were shown in Figure
3(b). MS/MS spectra at the four retention times were identical, indicating that four isomeric metabolites existed
and their structures were similar, i.e. demethylated site was on methoxy groups. Based on the protonated mole-
cular ion at m/z 387 (Figure 4(a)), the fragment ions at m/z 372, 355 and 340, as well as fragment ions at m/z
317, 302, 286 (base peak) and 271 produced a similar fragmentation pattern to that of the parent Sch B (Figure
2(b)). Thus, M2 was identified as the demethylated Sch B. Figure 4(b) shows the MS/MS spectrum of M3 at 4.04
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Figure 4. UPLC-MS/MS spectrum of metabolite M2 ((a) Peak at 4.82, 4.74, 4.68 and 3.66 min), M3 ((b) Peak at
4.04 and 3.47 min) and M4 ((c) Peak at 3.47 min).
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and 3.47 in the chromatogram shown in Figure 3(c). Similarly, based on the protonated molecular ion at m/z
389, the fragment ions at m/z 374, 357 and 342, as well as the fragment ions at m/z 319, 301, 288 (base peak)
and 273 produced a similar fragmentation pattern as the parent Sch B (Figure 2(b)), which was identified as the
opened five-member ring metabolite of Sch B. Figure 4(c) shows the MS/MS spectrum of M4 at 3.47 in the
chromatogram shown in Figure 3(d). The fragment ion at m/z 389 (base peak) evidenced the loss of 176 Da
from the protonated molecular ion at m/z 565, other fragment ions were fragmented from the ion at m/z 389 and
the fragmentation pattern was as same as the metabolite M3. Thus M4 was the glucuronidated form of M3.
Conceivably, the peak at 3.47 in Figure 3(c) should be M4, which dissociated at ESI source before entered the
MS detector. The peak at 4.04 in Figure 3(c) should represent M3, which was identified as the opened five-
member ring metabolite. Taken together, the metabolic pathway of Sch B in rats was summarized in Figure 5.

Results from some recent studies have shed light on the underlying mechanism of how Sch B induces a tissue
non-specific antioxidant response [8] [34]. They revealed that the cocomintant production of reactive oxygen
species (ROS) during the cytochrome P450 (CYP)-catatlzyed metabolism of Sch B can activate the antioxidant
signal transduction pathway with a resultant induction of antioxidant response [8]. However, the metabolite(s) of
Sch B which can cause the production ROS is yet to be determined. In the present study, among the four meta-
bolites of Sch B (Figure 5), Sch B-M1 was found to possess a catechol moiety. In this connection, some studies
also demonstrated that demethylenation of methylendioxy group resulted in the formation of catechol [44]-[46],
which is a redox active moiety. Catechol can be oxidized into quinone which undergoes redox cycling and ge-
nerates ROS [47] [48]. A recent study has also proposed that ROS from quinone redox cycling can elicit anti-
oxidant response via redox signaling [49]. These findings lend a strong support to the involvement of CYP-
catalyzed metabolism of the methylenedioxy group in the Sch B molecule in eliciting the antioxidant response
and hence tissue protection. An increased understanding the protective mechanism of Sch B has offered a prom-
ising prospect of using Sch B as an agent for mitigating the age-related diseases in humans.

5. Conclusion

The method of UPLC coupled to QTOF mass spectrometry was developed and applied to study the metabolic
fate of Sch B in vitro and in vivo. One mono-oxygenated metabolite was found after incubating Sch B with rat
S9 fraction in vitro. Four metabolites of Sch B were identified from rat feces and urine following the oral
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Figure 5. Proposed metabolic pathways of Sch B in rats.
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administration of Sch B. The structures of metabolites were elucidated by high-accuracy MS and MS/MS ana-
lyses. The metabolic reactions of Sch B were found to mainly involve the mono-oxygenation of C4 or C,y, the
demethylation of methoxy groups, the opening of five-member ring and the glucuronidation of metabolites in

rats.
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