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ABSTRACT: Pterostilbene, a stilbene phytoalexin, is mainly ] }
obtained from blueberries and grape vines; however, its metabolic P8 ‘ ‘
mechanisms were unclear in vivo. In the present study, three — ! ;’\“ | l“” M
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chromatography coupled with mass spectrometry was developed to
screen and identify pterostilbene metabolites in rat urine, plasma,
liver, and feces. In order to elucidate pterostilbene or its
metabolites involved in vitro, this study was assessed by the liver
microsome system. As a result, a total of 88 pterostilbene
metabolites were characterized. Among them, 77 metabolites in
vivo and 14 metabolites in vitro were found; 50 and 38 metabolites
were observed in rat plasma and urine, while only 4 and 12 metabolites were detected in rat feces and liver, inferring that plasma and
urine possessed more diverse types of pterostilbene metabolites; 41 metabolic products were obtained by solid-phase extraction, and
9 and 10 metabolites were screened by methanol precipitation and acetonitrile precipitation, respectively, indicating that solid-phase
extraction could be adopted as the most acceptable method for pterostilbene metabolism. The results also demonstrated that
pterostilbene mainly underwent glucosylation, dehydrogenation, hydrogenation, demethoxylation, sulfation, NAC binding,
methylene ketogenic, acetylation, and methylation. In summary, this research provides an idea for the further study of drug
metabolism.
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1. INTRODUCTION

Pterostilbene (3,5-dimethoxy-4'-hydroxystilbene) is a dime-
thylated analogue of resveratrol possessing greater bioavail-
ability due to the presence of two methoxyl groups' and has

pharmacokinetics reported that the in vivo biological activity of
equimolar doses of pterostilbene may be greater than that of
resveratrol.” In spite of this higher bioavailability, plasma
concentrations of pterostilbene phase II metabolites are much

been widely found in blueberries, grape vines, and a series of
other berries.” Multiple studies have demonstrated the
beneficial effects of pterostilbene on antioxidant activity, anti-
inflammatory,” anticancer,® and antiobesity.” Additionally,
pterostilbene administration could reduce body fat accumu-
lation through the enhancement of energy metabolism.” One
study revealed that it could alleviate the progression of liver
injury by changing levels of aspartate transaminase and alanine
transaminase in serum.” Due to the various potential health
benefits of pterostilbene, a good understanding of its metabolic
fate is crucial. However, as far as we know, the in vivo and in
vitro metabolism study of pterostilbene has been poorly
understood.

Drugs and their products after metabolism in vivo are the
intrinsic basis for the treatment of diseases. The types and
structural complexity of drug metabolites are determined by
their metabolic reactions, including hydrolysis, mono-/di-
oxygenation, cleavage, and coupling reactions.” One study on
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higher than the concentration of the parent compound. After
that, in Jenifer Trepiana’s previous metabolic research on
pterostilbene, pterostilbene-4'-O-glucuronid and pterostilbene-
4’-O-sulfate had an antisteatotic effect by incubating the in
vitro model." In general, various processes governing drug
metabolism in the body and the compounds are very complex
and dynamic and often involve multiple organs, such as the gut
and liver.'” However, the current research on pterostilbene
metabolism was less reported and the metabolite pathway was
incomplete. In the long run, to better understand metabolic
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action and promote research of the further potential
therapeutic applications, the in vivo and in vitro metabolism
study of pterostilbene is of great importance.

Recently, ultrahigh-performance liquid chromatography
coupled with mass spectrometry (UHPLC—MS), especially
high-resolution mass spectrometry (HRMS), combined with
pattern recognition analysis has become an unbiased
discrimination method to identify bioactive compounds of
drugs in vivo and vitro.'"'* In order to detect as many
pterostilbene metabolites as possible, in this study, various
data-processing techniques, including multiple mass defect
filter (MMDF) and full scan—parent ion list—dynamic
exclusion (FS-PIL-DE), were used to identify compounds in
complex environments.'”'* Additionally, diagnostic product
ion (DPI) analysis could provide a criterion to judge the target
constituents detected into certain chemical families."* As such,
structurally related compounds that are part of the same
biosynthetic class often exhibit common key MS/MS
fragmentation characteristics, including shared product ions
and/or neutral losses.'”> The ability to screen complex samples
for compounds that possess class-specific product ions and/or
neutral losses is a powerful strategy to detect entire classes of
compounds, potentially leading to the discovery of new natural
metabolites. In addition, a diagram that summarizes the
presently developed analytical strategy and methodology for
the detection and identification of pterostilbene metabolites is
shown in Figure 1.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. Pterostilbene (purity
>99.99%, MUST-21052207) was provided by Chengdu
Must Biotechnology Co. Ltd. (Sichuan, China); HPLC-grade
acetonitrile, methanol, and formic acid were purchased from
Thermo Fisher Scientific (Fair Lawn, NJ, USA). The deionized
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Figure 1. Summary diagram of the developed strategy and
methodology.

water used throughout the experiment was purchased from
Watsons (Guangzhou, China). Rat liver microsomes were
obtained from Xin Run Biotechnology Co. Ltd. (Wuxi,
China); Oasis HLB C18-Low solid-phase extraction (SPE)
cartridges (500 mg/6 mL, 60 um, 149 A) were purchased from
Waters Corporation (Milford, USA). Nicotinamide adenine
dinucleotide phosphate (NADPH) and MgCl, were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Six-well plates were obtained from Corning Incorpo-
rated-Life Science (Jiangsu, China).

2.2. Animals and Drug Administration. Six male
Sprague—Dawley rats (200 + 10 g) were obtained from
Jinan Pengyue Experimental Animal Breeding Company
(Shandong, China, SCXK(RU)2019003). All rats were housed
under standard animal room conditions (temperature 24 + 2
°C, humidity 55—60%, and 12/12 h light/dark cycles) with
food and water ad libitum for 1 week before experimental
interventions. After 1 week of adaptation, the rats were
randomly divided into drug groups (n = 3) for test plasma,
urine, and feces and the control group (n = 3) for blank
plasma, urine, feces, and liver. All rats were fasted for 12 h with
free access to water prior to the experiment. Pterostilbene was
suspended in normal saline and given at a dose of 250 mg/kg
body weight orally to rats in the drug group. The normal saline
solution (2 mL) was administered to rats in the control group.
The above animal protocols were approved by the Institutional
Animal Care and Use Committee at Binzhou Medical
University (No: 2021-087).

2.3. Preparation of Liver Microsomes and Micro-
somal Incubation. The in vitro metabolism study of
pterostilbene was developed in rat liver microsomes
(purchased from NEWGAINBIO). The microsomes used in
this paper are subcellular components of rat liver organelles
prepared by differential centrifugation, which are part of the
organelle endoplasmic reticulum and have intact phase I
metabolic enzymes, phase II metabolic enzymes, and esterases.
A reaction mixture was carried out in a 1 M phosphate buffer
(pH = 7.4) containing rat liver microsomes (1 mg/mL) and
MgCl, (3 mM). Pterostilbene was diluted with the above
solvent to a concentration of 0.1 mg/mL. To a separate 6-well
plate, 900 yL of above mixture was added to a drug well
Simultaneously, incubation without pterostilbene served as
blank control and incubation absent from NADPH as negative
control. Preincubation was performed at 37 °C for S min
before adding 100 uL of NADPH (25 mg/mL) to start the
reaction. The reactions were incubated for 5, 10, 15, 30, 45, 60,
120, and 240 min at 37 °C. After that, 100 uL of different
system solutions was removed and terminated using 200 L of
cold acetonitrile. Finally, the acetonitrile solutions were
collected and dried under nitrogen at room temperature.

2.4. Biological Sample Preparation. Blood samples (0.5
mL) were taken from the suborbital venous plexus of rats at
05,1,1.5,2,4,and 6 h postadministration.16 Each sample was
centrifuged at 3500¢ for 10 min to obtain plasma samples.
Additionally, urine and fecal samples were collected 0—24 h
after administration. All homogeneous biological samples from
the same group were finally merged into a collective sample.
Different processing methods were used to pretreat the
collected plasma. The first method (method I) was performed
to prepare biological samples by SPE. The second method
(method II) and the third method (method IIT) used methanol
and acetonitrile to precipitate the supernatants of the plasma
samples, respectively. The proportion of methanol and

https://doi.org/10.1021/acsomega.2c03924
ACS Omega 2022, 7, 38561—-38575


https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
§o]
_llle
* O
Ke]
m/z 197
__________________________ -CO
“H,CO 3 ° o
; Q © -CH -CH; -CeH40,
e e D - D T O
: HCO N ; HsCO -0
. _-,.Tz/.'.z.éﬂl.\.):??_(?.) ..... d m/z 240(N) 242(P) m/z 225(N) 227(P) m/z 117
-C¢H,0
HO —H® 0 e
@’\ g
\ HO
HO 12
m/z 137 m/z 121
25712 25510
B -
90:
85
80
75
70 240,08
@ 65
é g 60
E 2 55
2 g 0.
'é é 45
& 3
35
301
25
20
15 116.93
19710 21007 10 19706
e i i 1 s sas2 11493 13489 16160 18107 |21108 21gIAautl‘
60 a0 100 120 140 160 L L S e LENL N I S L B L S S R R L

180

200 220 240 260

miz

e —_
20 10 180 280
mlz

T
60 80 100 120 140 200 220 240 %0

Figure 2. (A) Mass fragmentation behavior of pterostilbene (P for positive and N for negative); The ESI-MS/MS spectra of pterostilbene in (B)

positive and (C) negative ion modes.

acetonitrile to these samples was 1:3. Thereafter, these samples
were precipitated for 30 min and then centrifuged at 3500g for
15 min to obtain the solutions after treatment and dried under
nitrogen at room temperature.

Plasma samples and urine samples (1 mL) were added to the
SPE cartridges pretreated with methanol (S mL) and deionized
water (S mL). Then, the SPE cartridges were successively
washed with deionized water (S mL) and methanol (3 mL).
The methanol elution was collected and evaporated using
nitrogen at room temperature.

The freeze-dried fecal samples (1.0 g) were ultrasonically
extracted with deionized water (5.0 mL) for 15 min and then
centrifuged at S000g for 15 min. The supernatants (1 mL)
were added to the pretreated SPE cartridges, and then, the
same process as that for plasma samples was conducted. The
methanol eluent was collected and dried under nitrogen at
room temperature.

At the end of the administration, two groups of rats were
sacrificed in parallel. The rat liver tissue was quenched in liquid
nitrogen and stored at —80 °C. Liver tissue (1 g) was ground
with 10 mL of physiological saline and centrifuged at 5000g for
1S min. The supernatants (1 mL) were added to the pretreated
SPE cartridges, and then, the same process as that for plasma
samples was conducted.

All samples from plasma, feces, urine, liver, and liver
microsomes were redissolved with 300 uL of methanol
solution. After centrifuging at 20,000g for 15 min, the
supernatant (3 uL) was injected into the LC/MS system for
analysis.

2.5. Instrument and Conditions. The chromatographic
separation was performed using a Dionex Ultimate 3000
UHPLC system (Thermo Electron, Bremen, Germany) and
Vanquish column compartment equipped with a Vanquish
auto-sampler. Separation was performed using a Waters
ACQUITY BEH C18 column (100 X 2.1 mm, 1.9 ym). The
mobile phases were composed of two systems: acetonitrile (A)
and water with 0.1% formic acid (B). Metabolites needed to be
eluted using a linear gradient: 0—5 min, 95—70% B; 5—10 min,
70—50% B; 10—27 min, 50—10% B; 27—27.1 min, 10—95% B;
and 27.1-30 min, 95%B. The flow rate was set to 0.3 mL/min,
and the injection volume was 3 pL.

The ESI-MS/MS spectrum was obtained using a Q-Exactive
plus mass spectrometer (Thermo Electron, Bremen, Ger-
many). All samples were analyzed in negative and positive ion
modes with the tune method set as follows: sheath gas
(nitrogen) flow rate of 45 arb, auxiliary gas (nitrogen) flow rate
of 10 arb, capillary temperature of 320 °C, spray voltage of
3800/3500 V (+/—), capillary voltage of 25 V, and radio
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frequency lens voltage of 50 V. Metabolites were detected
using full-scan MS analysis in a mass range of m/z 80—1200 at
a resolving power of 70,000.

2.6. Peak Selections and Data Processing. A Thermo
Xcalibur 2.1 workstation was used for data acquisition and
processing. In order to obtain as many ESI-MS/MS fragment
ions of pterostilbene metabolites as possible, the peaks
detected with intensity over 10,000 were selected for
identification. The accurate mass of chemical formulas
attributed to all parent ions of the selected peaks was
calculated using a formula predictor by setting the parameters
as follows: C [0—35], H [0—40], O [0—16], S [0—5], N [0—
5], and ring double bond (RDB) equivalent value [0—15]. The
accurate mass measurements were set within a mass error of
+5 ppm.

3. RESULTS AND DISCUSSION

3.1. DPI Construction Based on the Mass Fragmenta-
tion Behaviors of Pterostilbene. To provide guidance for
the subsequent analysis of metabolites in vivo and in vitro,
DPIs could be used as an important basis for structural
identification of metabolites. DPIs of pterostilbene were
determined based on the comprehensive ESI-MS? information
of the pterostilbene standard via UHPLC-HRMS analysis.
Pterostilbene could generate its [M + H]* and [M — H]™ ions
at m/z 257.11615 and m/z 255.10251, respectively. In negative
ion mode, it would further afford a series of DPIs at m/z 240
(IM — H-CH,]"), m/z 225 (M — H-2CH,]"), m/z 197
([M — H-2CH,;-CO]"7), and m/z 117 (M — H-2CH,;—
C¢H,0,]7). In positive ion mode, the DPIs were detected at
m/z 242 ([M + H-CH;]*), m/z 227 ([M + H=2CH;]"), m/z
137 ([M + H-2CH,—C(H,O + 2H]"), and m/z 121 ([M +
H—2CH;—C¢HsO + 2H—0]*). The fragmentation behavior
and the ESI-MS? spectra of pterostilbene in the negative and
positive ion mode are shown in Figure 2.

Therefore, the metabolites of pterostilbene might yield
fragment ions at m/z 240, m/z 225, m/z 197, or m/z 117,
which could be used for its rapid identification in negative ion
mode. The fragment ions at m/z 242, m/z 226, m/z 137, or m/
z 121 could be used for the identification in positive ion mode.
Based on the preliminary judgment of the addition and
subtraction of characteristic fragments, MO was presumed to
be pterostilbene.

3.2. Establishment of the Analytical Strategy. In this
study, an eflicient and integrated strategy was established for
the comprehensive screening and characterization of pter-
ostilbene metabolites using a UHPLC-Q-Exactive Plus MS
coupled with postacquisition data-mining processing techni-
ques. First, a full mass scan was performed with a resolution of
70,000. Meanwhile, high-resolution extracted ion chromatog-
raphy was adopted to extract the candidates from the high-
quality, accurate raw mass data both in negative and positive
ion modes. Then, data mining was processed based on
common biotransformation reactions as well as the reported
metabolites in the literature.'” Subsequently, the ions that we
were interested in were put into PIL to obtain more
comprehensive MS* information for structural identification.
Finally, the structures of the compounds were elucidated
according to the accurate mass measurement, fragmentation
patterns, diagnostic product ions, and literature reports.

Furthermore, to facilitate the structural elucidation of
constituents in pterostilbene, five byproduct centers were
summarized based on the mass spectrometric cracking rules

reported in the literature and the cracking information of
reference substances.

3.3. Implementation of MMDF Data-Mining Methods.
Setting MMDF templates is a key step, especially for low levels
of unpredicted metabolites. Five templates were used in
parallel to screen the metabolites: (1) the parent drug template
(m/z 256.12) and its conjugation templates (m/z 273.11 for
hydroxylation, m/z 335.06 for sulfate conjugation, m/z 431.13
for glucuronide conjugation, and m/z 419.17 for glucosyla-
tion); (2) resveratrol (m/z 226.07) and its conjugation
templates; and (3) pinostilbene (m/z 243.10) and its
conjugation templates. In the later stage of screening and
identification, the template would adjust in time when a new
substance was found during the screening process that could
be used as a metabolic template or when the template that we
set could not comprehensively screen out metabolites.

3.4. Identification of Pterostilbene Metabolites. A
total of 88 pterostilbene metabolites (pterostilbene included)
were detected and characterized from rat urine, plasma, and
fecal samples by means of the UHPLC-Q-Exactive method
coupled with the established strategy. Among them, 38
metabolites were found in rat urine, 50 metabolites were
detected in rat plasma, 4 metabolites were characterized from
rat feces, 12 metabolites were discovered in the rat liver, and
15 metabolites were found in rat liver microsomes. The
correlative data are summarized in Table 1.

3.4.1. Identification of Resveratrol Metabolites (M3, M5,
M6, M8—M9, M11, M14, M20, and M29). Metabolite M9
possessed deprotonated molecular ions at m/z 229.08569
(C14H;0;, —3.401 ppm) and m/z 227.07079 (C.,H;,0,,
2.287 ppm) in the positive and negative ion modes,
respectively. This metabolite was 28 Da less massive than
MO, indicating that it might be a di-demethylation product. In
the positive MS? spectra, the base peak ion at m/z 229 and the
fragment ions at m/z 135 ([M + H-C¢H¢O]") and m/z 107
([M + H-C4H,O—CO—H]") supported the initial conjecture.
In the negative MS® spectra, it generated the base peak ion at
m/z 227 and the fragment ions at m/z 185 ([M — H-
C,H,0]7), m/z 159 ([M — H-C,H,0—C,H,]7), and m/z
143 ([M — H-C,H,0—-C,H,—0]7)."® Thus, M9 could be
ultimately identified as resveratrol.

Resveratrol, the demethylated analogue of pterostilbene,’
generated its [M + H]" and [M — H]" ions at m/z 229.08569
and m/z 227.07079, respectively, in the ESI-MS? spectra. Its
cleavage pathways and ESI-MS/MS spectra are shown in
Figure 3. For example, the fragmentation behaviors of
resveratrol in the negative ion mode involved two ESI-MS/
MS cleavage pathways: (1) the product ion m/z 185 was
fragmented by losing C,H,0 (42 Da) from the ring of a.
Hereafter, it would further give rise to the loss of C,H,O from
the ring of b and yield the ion m/z 143. (2) In the cleavage of
the ion m/z 185, ions m/z 159 and m/z 143 were formed by
successively losing C,H,0O and O, respectively. Based on the
preliminary judgments of the addition and subtraction of
characteristic fragments such as m/z 227 + X, m/z 185 + X,
m/z 159 + X, and m/z 143 + X (X = molecular weight of
substituent groups), a rough acguisition of the resveratrol
metabolites was initially realized.’

M3 was eluted at 3.40 min with the ion at m/z 245.08023
(Cy4H;30, —2.470 ppm) in the positive ion mode. Because
being 16 Da more massive than M9, it was speculated to be an
oxygenation product of resveratrol. In the ESI-MS/MS
spectrum, the fragment ions at m/z 245 ([M + H]*), m/z
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s + 228 ([M + H-OH]"), m/z 107 ([M + H-CH,O0-CO—
H]*), and m/z 135 (M + H—-CcHsO]") were detected.
Therefore, M3 could deduced as an oxygenation product of
resveratrol. In addition, M6 was eluted at 5.07 min at m/z
247.09615 (C,H,50,4 —1.358 ppm) in the positive ion mode.
It was 18 Da more massive than M9. The presence of the
fragment ions at m/z 247 ([M + H]"), m/z 211 ([M + H-
2H,07%), m/z 137 ([CgHgO, + H]*), and m/z 123 ([CyH,0,
+ H-CH,]*) revealed that M6 might be a hydration product of
resveratrol.

MS was eluted at 4.65 min at m/z 579.13641 (C,sH,,05,
3.391 ppm) in negative ion mode. Compared to M9, it might
combine with two molecules of glucuronic acid (GluA). In the
MS/MS spectra, the double losses of 175 Da ([GluA—H]™)
afforded the fragment ions at m/z 403 ([M — H—GluA]") and
m/z 227 ([M — H=2GluA]"). Similarly, M8 and M20 were
175 Da more massive than M9, and it is presumed that they
might be conjugates of GluA. The fragment ions at m/z 175,
m/z 227 ([M — H—GIuA]"), and m/z 229 ([M + H-GIuA]")
provided the above evidence for identification. Thus, MS, M8,
and M20 were identified as the glucuronidation products of
resveratrol.

M11, M14, and M29 were eluted at 5.52, 5.67, and 6.91
min, respectively. Three of them gave the same theoretical
mass (m/z 307.02817) and formula (C,;H;;0¢S) in the
negative ion mode. They were 80 Da (SO;) more massive than
MO9. In the ESI-MS/MS spectrum, the base peak ion at m/z
227 ([M — H—S05]7) and the fragment ions at m/z 307 ([M
— H]7), m/z 80, and m/z 185 were obtained. To sum up,
M11, M14, and M29 were interpreted as isomeric sulfated
metabolites of resveratrol.

3.4.2. Identification of Hydroxylation Metabolites (M21,
M24, M27, M35, M36, M38, M41, M43, M45—-M47, M49,
M51-M53, M55, M58, M60, M62, M66, M70—M72, M75,
M76, M79, M83, M84, and M86). The hydroxylation
metabolites take up the majority of the results. In the positive

identification
hydroxylation, methylation/isomer
3,4',5-trimethoxyresveratrol

dehydrogenation

4-styrylphenol

MS/MS fragment ions
209.10(100), 255.10(68.34), 240.08(46.38),

197.06(3.58)
—4.054 287.13(100), 137.06(25.73), 255.10(12.26),

121.06(9.62)
—2.807 271.13(100), 256.11(24.96), 121.03(11.31),

137.07(6.94)
105.03(100), 119.05(39.48), 197.10(22.70),

95.05(6.44)
tg: retention time; RDB: unsaturation; U: urine; P: plasma; F: feces; L: liver; M: liver microsomes. +: detected; *: unambiguous identification by comparing with the reference substances.

5T o 3 ion mode, MO combined with O, 20, and 30 to form

58 ﬁ o byproduct central ions m/z 273, m/z 289, and m/z 305,

respectively. Afterward, the above product ions could combine

é S 2 oo with the glucuronide group, methyl group, and sulfonate

group, which could be used for its rapid identification.

3;3 g 5 o= o5 M21, M38, M46, and MS3 were eluted at 6.35, 7.50, 8.14,

g2 g & & g8 and 8.86 min, respectively. The four metabolites possessed the

gﬁ I B common molecular formula of C,,H,;0,, with the exper-

g8 & o a0 imental [M — H]™ ions at m/z 447.13016, m/z 447.13000, m/

Tt e & A o« z 447.12994, and m/z 447.13010 within mass errors of S ppm

2% 2 5 8 %8 in negative ion mode. Comparing their molecular formula with

E 2 § S ; that of MO, it is presumed that they might undergo

sE o0 e = hydroxylation and combine with GluA. In the ESI-MS/MS

P spectrum, the fragment ions at m/z 271 ([M — H—GluA]™)

E and at m/z 175 ([GluA—H]~) provided evidence for

22 5 S S o identifying the GluA group. Furthermqre, M36, MSS, and

gﬁ EOE E M84 were detected as similar metabolites. In the MS/MS

= m| S J 5 4 spectra, the fragment ions at m/z 449 and m/z 273 ([M + H—

s GluA]") explained the presence of the GluA group. M21, M36,

- j M38, M46, M53, MSS, and M84 were eventually identified as

e E3 z ~ ~ =z the oxygenation and glucuronidation products of pterostilbene.

g : Both in the positive and negative ion modes, metabolites

g 2% % % 2 M24 and M49 all have been eluted at 6.49 and 8.75 min,

°© YEzZ 8 o2 o respectively. For instance, the fragment ions at m/z 289 and

. m/z 256 ([M + H-20]*) appeared in positive ion mode. In

= d 8 2 & 2 addition, the DPIs at m/z 121 and m/z 241 all were

S |- = = =& characteristic fragment ions of the pterostilben rent
gment ions of the pterostilbene pare
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Figure 3. (A) Mass fragmentation behavior of resveratrol (P for positive and N for negative); ESI-MS/MS spectra of resveratrol in (B) positive and
(C) negative ion modes.

nucleus. Thus, they were di-oxygenated products of In negative ion mode, M43, M60, M72, and M83 had the
pterostilbene. In view of the above results, M66 was tentatively same formula C,sH,;O,, showed [M — H]™ ions at m/z
identified as the trioxidation product of pterostilbene. 271.09753, m/z 271.0977S, m/z 271.09705, and m/z

M27 and M76 displayed a common formula C;;H,;,0,, and 271.09747 (mass error within S ppm), and were 16 Da more
the [M — H]™ ions at m/z 285.11325 (mass error of 3.909 than MO. They were speculated to be the mono-oxygenated
ppm) and m/z 285.11295 (mass error of 2.857 ppm) with product of pterostilbene. Meanwhile, the DPIs at m/z 255, m/

retention times of 6.62 and 10.00 min, respectively. They were z 240, and m/z 197 all were characteristic fragment ions of the
CH,O (30 Da) more than MO in the negative mode. In the MO parent nucleus in the negative ion mode. At the same time,
ESI-MS? spectrum, the fragment ions at m/z 285, m/z 270 M47, MS2, and M7S with the same formula C,;H;,0, were
([M — H-CH,]"), and m/z 241 ([M — H-CH,—OCH,]") detected in the positive ion mode. In the ESI-MS? spectra, the
provided evidence for identifying a methoxy group. Moreover, DPIs at m/z 137 and m/z 121 were key ions for diagnosis of
Ms1, MS8, M62, M68, and M86 possessed an identical pterostilbene. Seven isomers, M43, M47, M52, M60, M72,
formula C;H,,0, within mass errors of +5 ppm in the M75, and M83, were the isomeric mono-oxygenation products
positive ion mode. Fragment ions at m/z 287, m/z 255 (M + of pterostilbene.
H-OCH;]"), and m/z 225 (M + H—OCH;—OCH,]") 3.4.3. Identification of Pinostilbene Metabolites (M19,
illustrated a methoxy group. Based on this, the above seven M28, M31, M39-M40, and M67). Sharing the same
compounds are predicted to be isomeric methylated and stilbenoid core structure as pterostilbene, pinostilbene is a
hydroxylated metabolites of pterostilbene. demethylated derivative of pterostilbene. In addition, a
M35, M41, and M79 showed a common formula C,H;;0,S pinostilbene monoglucuronide conjugate (M + 176) had
(m/z 351.05447, m/z 351.05420, m/z 351.05444, mass error been previously found as a urinary metabolite in mice after oral
within +5 ppm) in the negative ion mode. The product ion at gavage of pterostilbene.'” Therefore, we selected pinostilbene
m/z 271 ([M — H—=SO5]") was attributed to the neutral loss as a byproduct center to search all the possible pinostilbene
of SO;, and the fragment ions at m/z 256 ([M — H—SO;— metabolites.
CH,]7) and the fragment ions at m/z 241 ([M — H—SO;— In the positive ion mode, with retention times of 7.14 and
2CH,]”) were attributed to the successive loss of methyl 9.36 min, M31 and M67 were eluted. They were 14 Da less
groups. M45 and M71 exhibit similar cleavage processes in the than MO, so they were predicted as demethylation products of
positive ion mode. They possessed a similar fragmentation pinostilbene. The loss of 18 Da (m/z 243 — m/z 225) was
behavior. Thus, these compounds were tentatively identified as observed in the ESI-MS? spectra. The DPIs at m/z 137 and m/
the isomeric oxygenation products of pterostilbene. z 121 also explained that they were demethylation products of
38570 https://doi.org/10.1021/acsomega.2c03924

ACS Omega 2022, 7, 3856138575


https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03924?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

pterostilbene. Similarly, M40 was 14 Da less than MO in the
negative ion mode. The fragments at m/z 241, m/z 225 ([M —
H—-0]"), and m/z 197 ([C,3H,,0,—H] ™) were detected in its
ESI-MS? spectra. Thus, M31, M40, and M67 were
pinostilbene and its isomers.

M19, M28, and M39 were eluted at 6.23, 6.85, and 7.63
min, respectively. All of them possessed the experimental [M —
H]™ ions at m/z 417.11913 (C,;H,,;0,, mass error within S
ppm). By comparing to pinostilbene, a neutral loss of 176 Da
presumed that they might combine with GluA. They all
produced DPIs at m/z 417, m/z 241 ([M — H-GluA—
CH,]7), and m/z 175 ([C4HgO4—H]™) in the ESI-MS®
spectrum. Hence, M19, M28, and M39 were tentatively
judged as glucuronidation products of pinostilbene or its
isomers.

3.4.4. Identification of Organic Acid Metabolites (M34,
M50, M69, and M80). The organic acid metabolite generation
was due to the methoxy which underwent hydroxylation to
form ketones. As one methoxy produced a metabolic reaction
as above, the product ions m/z 242 ([M + H-CO]*), m/z 212
(M + H-CO-0OCH,]*), and m/z 196 ([M + H-CO-—
OCH,;—0]+) could be used as DPIs to implement the rapid
structural identification of the metabolites of organic acids as a
new byproduct center.

M34 generated the [M + HJ]" ion at m/z 285.07516
(Cy6H;304, —2.070 ppm) with a retention time of 7.32 min. It
is 28 Da more than MO, indicating that it might be the dual
methylene ketogenic product. In its ESI-MS® spectrum, they
gave rise to the fragment ions at m/z 285, m/z 197 ([M + H—
2COOH]"), m/z 167 ([CgHO, + H]*), and m/z 121
([CsHgO + H]"), the latter two of which are due to breakage
of ethylene bond ends. It was finally deduced as a dual
methylene ketogenic product of MO. By exploring the data, M2
at m/z 444.07440 (C,;H gOgNS, —0.819 ppm) was found,
which was 161 Da more than M34. From Table 1 and the
identification process of M23, it can be observed that M2 was a
binding product of M34 and NAC. Besides M2, there might
also be the metabolic process of NAC binding to carboxyl
groups to form esters. M77 was eluted at 10.20 min and
afforded the [M — H]™ ion at m/z 428.08041 (C,;H;;O,NS,
1.310 ppm) in negative ion mode. It is only 16 Da more than
M2, and the losses of 80 Da (428 — 348) and 81 Da (348 —
267) were observed in its ESI-MS” spectra, reflecting the
presence of NAC from the side. Thus, M77 was also a binding
product of M34 and NAC. According to the identification
process of glucuronidation products, M3 was tentatively
identified as a glucuronidation product of M34. M7 afforded
the [M + H]" ion at m/z 447.12759 (C,,H,;0,, —2.199 ppm)
in positive ion mode. In the ESI-MS? spectrum, it produced
the base peak ion at m/z 285 by the loss of glucosyl (162 Da)
and the DPIs at m/z 253 ([M + H—162—20]") and m/z 225
([M + H-162—20—CO]"). M17 with the [M — H]™ ion at
m/z 363.01837 (C,¢H;,04S, 4.010 ppm) was observed at 5.97
min. In its ESI-MS? spectrum, it gave rise to the base peak ion
at m/z 283 by the loss of SO; (80 Da) and the DPIs at m/z
363 and m/z 80. M17 was tentatively identified as a
sulfonation product of M34.

MS0 and M69 were eluted at 8.77 and 9.77 min,
respectively, with the same formula C,;(H,O, (m/z
271.09601 and m/z 271.09610, mass error within S ppm) in
positive ion mode. They were 14 Da more massive than MO,
and thus, they preliminarily deduced the existence of
hydroxylation and dehydrogenation. In the ESI-MS? spectra,

38571

they produced ions such as at m/z 243 ([M + H-CO]*) and
m/z 228 ([M + H—COO]*), which provided evidence for
identifying a carboxyl group. In addition, M80 was in the
negative ion mode as well. In the end, M50, M69, and M80
were identified as methylene ketogenic products or their
isomers.

Based on the identification results of M5S0, M1 was 192 Da
(280,) more than M80. The fragment ions at m/z 81(SO;H)
and m/z 80 (SO;) provided evidence for identifying a
sulfonate group. M1 was tentatively identified as a double
sulfonation and oxygenation product of M80. M18 was 32 Da
(20) more than MS0, and the base peak ions were observed at
m/z 303. The fragment ion at m/z 256 was due to the loss of
20. It was identified as a double oxygenation product of MS50.
The metabolite M10 was produced by the breakage of the
ethylene bond of M80.

M25 showed its [M — H]™ ion at m/z 287.09268
(Cy6H;505) with a mass error of 4.458 ppm. On account of
the neutral loss of O and CH,O, the fragment ions at m/z 271
and m/z 257 were generated in its ESI-MS? spectrum,
respectively, suggesting the presence of hydration. M2S§ was
eventually identified as a methylene ketogenic and hydration
product of MO. M33 with the [M — H]™ ion at m/z 445.11478
(Cy,H,1040, 4.171 ppm) was observed at 7.26 min in the
negative ion mode. Comparing the molecular formula with that
of M80, it was presumed that they might combine with GluA.
In the MS? spectra, the DPIs at m/z 445, m/z 269 ([M — H—
GluA]™), and m/z 175 all indicated that M33 was a
glucuronidation product of M80.

With a retention time of 7.48 min, M37 was eluted in the
positive ion mode. It was 30 Da (CH,O) more than M50. In
the ESI-MS? spectra, it produced ions at m/z 301, m/z 270
(IM + H-OCH,)*), and m/z 241 ([M + H—OCH,—
OCH,]"). Thus, this compound was tentatively identified as an
oxidation and methylation product of M50. Additionally, M44
was 57 Da more than M50 and presented the [M + H]" ion at
m/z 328.11835 (C;gH;3OsN, 3.634 ppm), with a retention
time of 8.01 min. The DPIs at m/z 328 and m/z 57 owing to
the neutral loss of C,¢H,50, provided adequate evidence for
metabolite identification. Hence, we deemed that M44 was the
binding product of glycine (Gly) and MS0.

M61 and M64 eluted at 9.25 and 9.28 min in the urine and
plasma, respectively, and were 146 Da more massive than M5S0
in positive ion mode. In the ESI-MS?* spectra, it produced ions
at m/z 433, m/z 269 ([M + H—C4H,,0,]"), and m/z 225 ([M
+ H—C¢H,,05—CO,H]") with the loss of the glucose moiety.
Based on the preliminary judgments of the addition and
subtraction of characteristic fragments such as m/z 121 and m/
z 137, M61 and M64 were speculated to be binding products
of M12 and Glc. M68 with experimental [M + H]" ions at m/z
269.08002 (C,¢H;30,, —3.030 ppm) was observed at 9.72
min. It was 2 Da less massive than M50, indicating that they
might be a dehydrogenation product of MS0. It yielded ESI-
MS? base peak ions at m/z 269 and DPIs at m/z 255 ([M +
H-CH,]"), m/z 226 (M + H-CH;—CO]*), and m/z 137
([CsHO, + H]*). To sum up, M68 was characterized as a
methylene ketogenic and dehydrogenation product of MO.

3.5. Comparative Analysis of Pterostilbene Metabo-
lites In Vivo and In Vitro. Drug metabolism played a crucial
part in the research of pharmacological mechanisms, develop-
ment of new drugs, and clinical use. In this work, the
metabolism in vivo (plasma, liver, urine, and feces) and in vitro
(rat liver microsomes) was investigated. A total of 77
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metabolites in vivo and 15 metabolites in vitro were found.
Moreover, 12 metabolites were only detected in vitro and 3
metabolites in vitro were also found in vivo.

For in vivo, 50 and 38 metabolites were observed in rat
plasma and urine, respectively, which inferred that plasma and
urine possessed high activity for pterostilbene metabolism in
vivo, while only 4 and 12 metabolites were detected in rat feces
and liver, respectively, which implied that rat feces and liver
might hold low biotransformation activity. Liver metabolism
often determines the overall clearance rates of many
pharmaceuticals.”® In this research, the reactions of hepatic
metabolites were demethylation, glucuronidation, hydroxyla-
tion, and sulfation.”® Liver microsomes are vesicles formed
from the endoplasmic reticulum when liver cells are lysed,
which contain phase I enzymes. The results of this study also
show that hydroxylation and demethylation are the main
metabolic processes in vitro.

In many cases, assessing whether a compound administered
to rats results in changes of the liver of the animal to
metabolize drugs is done using in vivo measurements of the
liver tissue as well as in vitro measurements of hepatic
microsomes. In vitro microsomal metabolic assays are rapid
and simple, allowing direct observation of enzyme—substrate
interactions, reducing the interference of many in vivo factors
and having good stability of the metabolized sample.”!
Metabolic stability is one of the most important ADME
properties of drug candidates, which might affect clearance,
half-life, and oral bioavailability.”* Therefore, in vitro
metabolism might be a beneficial adjunct to in vivo metabolism
in this research.

In the same way, the structural identifications of other
compounds are shown in the attachment (Appendix A).

3.6. Comparative Analysis of Pterostilbene Metabo-
lites in Plasma Treated with Different Methods. In this
study, a total of 50 metabolites were detected in rat plasma,
which were prepared by three methods. Among them, 41
metabolic products were obtained by SPE (method I), and 9
and 10 metabolites were screened by acetonitrile precipitation
(method II) and methanol precipitation (method III),
respectively, which are shown in Figure 4.

Method | Method Il

Method Il

Figure 4. Venn analysis chart of metabolites by three biological
treatment methods.

The metabolic pathways which are common to all three
processing methods are methylene ketogenic, glucuronidation,
and their compound reactions (M4 and M68). Method I and
method II share possession of methylene ketogenic, glucur-
onidation, hydroxylation, dehydrogenation, and their com-
pound reactions (M4, M10, M12, M21, M34, and M68). In
addition, method II and method III share possession of
sulfated, methylene ketogenic, and dehydrogenation metabo-
lites (M12, M68, and M78). Method I and method III share
methylene ketogenic and glucuronidation metabolites (M4 and
Mé68).

The presence of complex plasma components such as lipids
and salts also increases the challenge of sensitivity, resolution,
and reproducibility of the instrument.”” Such “preprocessing”
of plasma samples is critical in metabolic analysis based on
mass spectrometry. Currently, organic solvent precipitation is
the most common method used for plasma sample pretreat-
ment in drug metabolism studies, with methanol or acetonitrile
being used as the protein precipitant.24 However, the results
above revealed that the majority of the metabolites were
obtained by method I after the same detection analysis. It
showed that the SPE cartridge was the most suitable method
with the functions of enrichment and purification. The Oasis
HLB is a reversed-phase polymeric sorbent, which can provide
a method for desalting test solutions, high analyte recoveries,
and effective depletion of interfering compounds.” Further-
more, metabolites afforded by methanol precipitation were
slightly more abundant than that of acetonitrile precipitation,
which indicated that methanol might be more adaptive for
pterostilbene as a precipitation solvent than acetonitrile. These
differences in metabolite quantity might be due to the different
separation selectivities of organic solvents, cleaner extracts, or
matrix effects, which lead to signal peaks with diverse intensity
and quantity concerning pterostilbene metabolites after
UHPLC-HRMS detection.

3.7. Possible Biotransformation Pathways of Pter-
ostilbene. Enzymatic drug metabolism processes are broadly
divided into two reaction categories: functionalization (or
phase I) and conjugation (or phase II). It is worth mentioning
that the chemical structures of the ingested compounds’
themselves could influence the rate and extent of absorption,
metabolism, and excretion. Based on the chemical structure,
pterostilbene could be predicted to possess better metabolic
stability as it only has one hydroxyl group.*® The dimethylether
structure could enhance its lipophilicity and hence increase
membrane permeability. A previous metabolism study of
pterostilbene revealed that phase I metabolites (hydroxylation
and demethylation) and phase II metabolites (glucuronidation
and sulfation) were the major metabolic routes.”” Phase II
metabolism and its complicated reactions occupied the main
status of these reactions. Eighty eight metabolites were
successfully identified and structurally characterized including
37 phase-I and S1 phase-II metabolites. In this study, besides
above metabolic reactions, pterostilbene mainly underwent
glucosylation, dehydrogenation, hydrogenation, NAC binding,
methylene ketogenic, acetylation, and their composite
reactions in vivo. The metabolic pathway is shown in Figure
S. Unlike in vivo metabolism, in vitro metabolism is relatively
simple, with only hydroxylation and demethylation. It is also
worth noting that the parent drug was only monitored in vitro.
This might indicate that the degradation of pterostilbene was
NADPH-independent; however, the rat of in vivo metabolism
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Figure S. Possible biotransformation pathways of pterostilbene.
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may contain numerous enzymes that facilitate pterostilbene
metabolism.

4. CONCLUSIONS

In this study, three methods of biological sample preparation
were applied to analyze the in vivo metabolism of pterostilbene
in rats’ plasma. It is noted that the SPE cartridge could remove
matrix effect better. A total of 88 pterostilbene metabolites
were detected and identified by the UHPLC-HRMS method.
Among them, 38 metabolites were found in rat urine, S0
metabolites were detected in rat plasma, 4 metabolites were
characterized from rat feces, 12 metabolites were discovered in
the rat liver, and 15 metabolites were found in rat liver
microsomes. Obviously, most metabolites were detected in rat
plasma and urine, suggesting that most metabolites could be
created by plasma and excreted by urine. In addition, after
careful examination, resveratrol and pinostilbene were
detectable following dosing with pterostilbene. Therefore,
pterostilbene might appear to act as a prodrug for resveratrol
and pinostilbene.

Because optical isomers may behave different in activities,
toxicology, or degradations, the identification of some isomers
is still a challenge, which needs to pay more attention in the
following research. Notably, during the stages of the drug
development, the metabolism of thousands of compounds is

38573

evaluated as part of screening efforts and requisite follow-up
studies. In a word, the different pterostilbene metabolites
identified in this study may also have physiologic effects that
are significantly different from those of pterostilbene and
supplied useful data for further research on pterostilbene.
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