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Abstract: Betulinic acid (BA) has been extensively studied in recent years mainly for its antiprolif-
erative and antitumor effect in various types of cancers. Limited data are available regarding the
pharmacokinetic profile of BA, particularly its metabolic transformation in vivo. In this study, we
present the screening and structural investigations by ESI Orbitrap MS in the negative ion mode and
CID MS/MS of phase I and phase II metabolites detected in mouse plasma after the intraperitoneal
administration of a nanoemulsion containing BA in SKH 1 female mice. Obtained results indicate
that the main phase I metabolic reactions that BA undergoes are monohydroxylation, dihydroxy-
lation, oxidation and hydrogenation, while phase II reactions involved sulfation, glucuronidation
and methylation. The fragmentation pathway for BA and its plasma metabolites were elucidated by
sequencing of the precursor ions by CID MS MS experiments.

Keywords: betulinic acid; phase I metabolites; phase II metabolites; ESI CID MS/MS

1. Introduction

Betulinic acid (BA) (33, hydroxy-lup-20(29)-en-28-oic acid) (Figure 1) is a lupane-
skeleton pentacyclic triterpene secondary plant metabolite. BA is widely distributed in nat-
ural occurring sources, considerable amounts being found throughout Betulaceae species,
in the outer layers of birch bark [1]. Some vegetal sources with high amounts of BA are
an important part of natural remedies that include traditional Chinese medicine such as
Ziziphi Spinosae semen (Rhamnaceae) [2] or Indian medicinal remedies such as Nyctanthes
arbor-tristis [3]. In recent decades, BA has been extensively investigated during in vitro
and in vivo studies that demonstrated a wide range of biological and pharmacological
activities, the most high profile being its anticancer potential, already recognized by the
National Cancer Institute of the USA [4]. BA displays well documented cytotoxicity ac-
tivities mainly by triggering the mitochondrial pathway of apoptosis in cancer cells [5]

Molecules 2022, 27, 7359. https:/ /doi.org/10.3390 /molecules27217359

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27217359
https://doi.org/10.3390/molecules27217359
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-3378-0774
https://orcid.org/0000-0002-7955-422X
https://orcid.org/0000-0002-6588-3241
https://orcid.org/0000-0002-5760-8872
https://orcid.org/0000-0002-4824-6769
https://orcid.org/0000-0002-2998-0458
https://doi.org/10.3390/molecules27217359
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27217359?type=check_update&version=1

Molecules 2022, 27, 7359

2 of 24

exerted on various types of cancers such as melanoma [6], colorectal cancer [7], ovarian
cancer [8], cervical cancer [9] or breast cancer [10]. Hence BA has an immense potential
of becoming an antineoplastic agent that combines high anticancer activity, low overall
toxicity and high selectivity. In addition, BA has demonstrated other biological effects as
well, such as a very potent anti-inflammatory activity [11] and antiviral effects exerted on
HIV, HSV and hepatitis B [12]. Not least, BA has displayed antidiabetic activity in type
2 diabetes, improved the outcome of metabolic syndrome [13] and was demonstrated to
promote wound healing [14]. One major drawback of BA is represented by its low water
solubility which negatively affects its oral bioavailability, thus limiting its pharmacological
activity. To overcome these shortcomings and to improve its pharmacokinetic features,
several strategies have been employed such as cyclodextrin complexation [15] and sev-
eral nanoformulations containing BA, such as liposomes, nanoemulsions, nanoparticles
or carbon nanotubes [16]. In drug development, a mandatory stage lies in disclosing its
complete pharmacokinetic parameters, such as absorption, distribution, metabolism and
excretion; briefly, its ADME profile [17]. Drug metabolism represents a very complex
process that occurs in the liver, during which lipophilic molecules undergo metabolic trans-
formations to enhance their hydrosolubility and to enable their renal excretion. Generally,
drug biotransformation consists in two successive stages represented by phase I and phase
II metabolic reactions. The end result of these reactions is mainly the inactivation and
detoxification of xenobiotics in the liver [18]. However in some cases, drug metabolism
leads to compounds that possess enhanced pharmacological activity mainly by a superior
bioavailability such as the case of well-known medicinal drugs, isosorbide mononitrate,
ambroxol or nortriptyline [19]. Despite the remarkable results in disclosing the underlying
molecular mechanisms for most of BA’s biological and pharmacological activities during
in vitro and in vivo studies, there is limited information regarding its in vivo ADME pro-
file. Among the premier studies that disclosed some pharmacokinetic parameters was one
conducted by Udeani et al. [20], during which the tissue distribution and half-life (T; /») of
BA-polyvinylpyrrolidone (PVP) complex after intraperitoneal (IP) administration in CD-1
mice was elucidated. In addition, Cheng et al. [21] investigated the extent of binding of BA
to plasma proteins after IP administration in mouse and rats. The available data regarding
the in vivo metabolism of BA are even more limited, hence only a couple of studies have
been published. Recently, Zhang et al. [22] reported on some phase I metabolites identified
in the feces of Sprague-Dawley rats after oral administration of BA-carboxyl methyl cel-
lulose solution. Another study conducted by Li et al. [23] reported on other phase I and
phase II metabolites of BA mainly identified in the feces of Sprague-Dawley rats after oral
administration of BA, spinosin, isovitexin and jujuboside together with Ziziphi Spinosae
semen extract. Under these circumstances, more studies are needed to enrich and complete
the in vivo metabolic profile of BA. Currently, mass spectrometry (MS)-based analytical
techniques such as high resolution MS (HRMS), LC-MS, GC-MS and NMR analysis are
state-of-the-art analytical techniques applied in metabolomics to identify and to elucidate
the chemical structure of these small molecules [24]. HRMS techniques are widely used
for the metabolomics of both endogenous [25] and xenobiotics due to their high sensitivity
and accuracy. Among the preferred ionization techniques, electrospray ionization (ESI) and
APCI combined with high resolution analyzers such as Q-TOF or Orbitrap are the most
frequent, while structural investigations are performed through tandem MS or MS/MS
experiments by collision-induced dissociation (CID) or HCD [26]. The current study is
focused on the identification and structural characterization of both phase I and phase II
metabolites of BA detected in SKH1 mouse plasma. The analytical platform for all the
resulted metabolomic data consisted in ESI Orbitrap MS in the negative ion mode and CID
MS/MS. The obtained results deliver new information regarding the in vivo metabolic
pathway of BA and document the fragmentation pathway of BA and its metabolites. All
combined, the current study contributes to elucidate the metabolomic profile of BA and
can represent a support for future studies.
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Figure 1. Chemical structure of betulinic acid (BA) (33, hydroxy-lup-20(29)-en-28-oic acid).

2. Results and Discussion
2.1. Screening of BA and BA Metabolites by Negative lon Mode ESI Orbitrap MS in Plasma Samples

Aliquots of 10 uL of deproteinized plasma samples were loaded into the LTQ Orbitrap
Velos Pro™ mass spectrometer for negative ion mode screening experiments. Screening
mass spectra were recorded in 100-1000 mass range. Betulinic acid was identified as the de-
protonated ion [M-H]™ at m/z 455.35. MS screening experiments enabled the identification
of 13 phase I and phase II metabolic products of BA. The main phase I metabolic reactions
BA underwent were oxidation, monohydroxylation, dihydroxylation and hydrogenation,
while the major metabolic pathways during phase II reaction were sulfation, glucuronida-
tion and methylation. The proposed metabolic products and their molecular modifications
are depicted in Table 1.

Table 1. Proposed phase I and phase II metabolic products of betulinic acid (BA) (33, hydroxy-lup-
20(29)-en-28-oic acid).

Molecular

Molecular

Metabolite mlz Molecular Ion Metabolic Reaction . Mass Change
Formula Alteration
M1 C3pHs5003 457.37 [M-H*]~ -hydrogenation +2H +2 Da
M2 C30Hyg04 471.35 [M-H*]~ -monohydroxylation +O +16 Da
M3 C30Hy05 485.33 [M-H*]~ -oxydation iig +30 Da
M4 C30Hys05 487.34 [M-H*]~ -dihydroxylation +20 +32 Da
M5 C31H5003 469.37 [M-H*]~ -methylation +CH, +14 Da
M6 C30Hyg06S 535.31 [M-H*]~ -sulfoconjugation +S03 +80 Da
_ -hydroxylation +O
_H+
M7 C30H4807S 551.30 [M H ] —sulfoconjugation +SO3 +96 Da
-oxidation +20
M8 C30Hy0gS 565.28 [M-H*]~ . . —2H +110 Da
-sulfoconjugation
+SO3
_ -dihydroxylation +20
_HJ+
M9 C30Hyg05S 567.30 [M-H*] _sulfoconjugation +805 +112 Da
M10 C36Hs609 631.39 [M-H*]~ -glucuronidation +GIuA +176 Da
- -hydroxylation +O
_HJ+
M11 C36Hs6019 647.38 [M-H*] _glucuronidation +CluA +192 Da
-oxydation +20
M 12 CssHz,01; 661.36 [M-H*]~ yaation —2H +206 Da
-glucuronidation
+GIluA
M 13 CssHz011 663.37 [M-H*]~ ~dihydroxylation +20 +208 Da

-glucuronidation +GluA
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2.1.1. Phase I Metabolic Products

Phase I metabolism of natural phytocompounds, as for medicinal drugs, aims to
convert liposoluble molecules into more polar ones by introducing or liberating a polar
substituent. The resulting metabolites may have their biological activity both altered or
unchanged and are the outcome of complex metabolic reactions such as oxidation, reduction
and hydrolysis catalyzed by oxidases, reductases and esterases [27]. Oxidation reactions are
mostly dependent and mediated by the isoforms of cytochrome P450, out of which CYP2C,
CYP2D6 and CYP3A are responsible for the metabolic fate of nearly 75% of drugs. They are
present in the endoplasmic reticulum of hepatocytes and intestines, involve a large variety
of reactions such as hydroxylations, epoxidations or oxidative dealkylations, and exert by
the addition of one or more oxygen atoms to the structure of the parent drug [28]. Since
BA is a highly hydrophobic molecule, it is expected to undergo phase I metabolic changes
as well.

The screening of plasma samples revealed the presence of the [M-H]™ ion at m/z
457.37 (M1), which has a molecular weight (Mw) 2 Da more than BA, corresponding to the
addition of 2 H atoms and was assigned according to the mass calculations to the product
of a hydrogenation reaction by double bond reduction occurring at the isopropenyl group
(Cpo-Cy9) of ring E. Hydrogenation is a common metabolic reaction reported both for human
steroid metabolism and for the metabolism of phytochemicals that bear double bonds in
their structure, such as flavonoids [29], terpenes [30] or phenylpropanoid glycosides [31].
Next, the precursor ion identified as [M-H]™ at m/z 471.35 (M2 ) has a Mw 16 Da more
than BA, corresponding to the addition of an O atom as a result of a metabolic reaction that
modified most likely one of the methyl substituents to hydroxymethyl, as reported both for
medicinal drugs [32] and phytocompounds [23]. Hence, m/z 471.35 was assigned as the
monohydroxylated metabolite of BA. The purpose of hydroxylation, an oxidative metabolic
reaction, is to increase the hydrosolubility of less polar compounds, in most cases generating
active compounds. Moreover, monohydroxylated metabolites were already reported as
in vivo metabolic products for asiatic and madecassic acid [33], maslinic acid [34] and
betulinic acid [23]. The precursor ion identified as [M-H] ™ at m/z 485.33 (M3) has a Mw
30 Da more than BA, corresponding to the addition of 2 O atoms while eliminating 2 H
atoms. This second step of the oxidation reaction most likely altered the already available
hydroxymethyl substituent; the end result of this two-step oxidation is the conversion
of the methyl substituent to carboxyl, generating an inactive metabolite, as previously
reported [23,32]. Furthermore, the MS screening spectrum indicated also the formation of
the precursor ion at m/z 487.34 (M4), which has a Mw 32 Da more than BA, corresponding
to the addition of two O atoms as a result of a two-site hydroxylation metabolic reaction,
most likely converting two methyl substituents to hydroxymethyl ones. A dihydroxylation
metabolic reaction was previously reported by other studies that investigated the in vivo
or in vitro metabolism of: (i) triterpenes, such as maslinic acid [34], asiatic and madecassic
acid [33], betulinic acid [35], (ii) diterpenes [36] and (iii) alkaloids [37].

2.1.2. Phase II Metabolic Products

Phase II metabolism consists in conjugation reactions such as glucuronidation, sulfa-
tion, acetylation, methylation and glycine conjugation or glutathione conjugation of the
parent drug or the already formed phase I metabolites with endogenous substrates such as
UDP glucuronic acid (GluA), phosphoadenosyl phosphosulfate, Acetyl-CoA, gluthatione,
glycine or S-adenosyl-methionine, catalyzed by specific transferases [38]. Glucuronidation
and/or sulfation are the most common types of metabolism for phytocompounds such as
flavonoids, terpenoids or alkaloids [27]. The resulting metabolic products are generally
inactive, more polar and readier to undergo renal or biliary excretion.

The screening mass spectra of analyzed samples indicated the presence of the pre-
cursor ion identified as [M-H] ™ at m/z 469.37 (M5),which has a Mw 14 Da more than
BA, and was assigned according to the mass calculations to the methylated metabolite
of BA, which is consistent with previous findings that reported methylated metabolites
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for echinocystic acid, a triterpene [39], as well as for BA [22,23]. Although methylation
is a minor conjugation reaction for xenobiotic transformation, being more common for
endogenous neurotransmitters, it still remains a metabolic pathway for a large number of
medicinal drugs and phytocompounds [38]. It is catalyzed by methytransferases and the
resulting metabolic products are either active or inactive, while their solubility is almost the
same as that of the parent drug. Since BA possesses a hydroxyl substituent, most probably
the parent ion underwent O-methylation.

In addition, the [M-H] ™~ ion identified at m/z 535.31 (M6) has a Mw 80 Da more than
BA and was assigned according to the mass calculations to the sulfoconjugate metabolite
of BA. Sulfoconjugation is one of the most important phase II metabolic reactions affecting
a great variety of compounds such as hormones, bile acids, medicinal drugs and various
classes of phytocompounds, including triterpenes. Addition of the sulfonate group occurs
both directly to the parent compound or to its phase I metabolite, leading to the formation
of a non-toxic water—soluble compound ready for excretion [38]. The reaction is catalyzed
by sulfotransferases (SULTs) that are capable to transfer (503) from 3'-phosphoadenosine
5'—phosphosulfate (PAPS) to hydroxyl or amino groups [40]. Hence, in the case of BA, the
reaction most likely occurred at the -OH substituent present on ring A. These findings are
consistent with the data of Li et al. [23] on the in vivo metabolism of BA, the sulfoconjugate
being one of the reported metabolites. In addition, the result of sulfoconjugation after
in vivo administration in rats was also reported for betulin [41].

Next, the [M-H*]™ ion detected at m/z 551.30 (M7), has a Mw 96 Da more than
BA and 16 Da more than M5. Hence, M7 resulted most likely from both phase I and
phase II metabolic reactions and consequently was assigned according to mass calculations
to the monohydroxylated and sulfoconjugated BA metabolite, as depicted in Table 1.
Moreover, the MS screening revealed the presence of a precursor ion detected at m/z
565.28 (M8), which has a Mw 110 Da more than BA and 30 Da more than M5. Thus, M8 is
probably the product of both metabolic phases aswell, and was assigned according to mass
calculations as the oxidated sulfoconjugated metabolite of BA; in this case the oxidation
reaction converted the methyl group into carboxyl, as mentioned above. Moreover, the
[M-H*]~ ion detected at m/z 567.30 (M9) which has a Mw 112 Da more than BA and 32 Da
more than M5, presumably underwent both metabolic phases as well and thereupon was
assigned according to mass calculations as the dihydroxylated sulfoconjugated metabolite
of BA. M7, M8 and M9 were also described and associated with the in vivo metabolism of
BA by Li et al. [23] following the intake of Ziziphi Spinosae semen extract in rats. Following
these findings it must be emphasized that both BA and its phase I metabolites undergo
sulfoconjugation during SKH1 female mice metabolism, data that are in line with previously
published reports regarding in vivo triterpene metabolism [42] and, in particular, BA [23].

Next, the [M-H] ™ identifiedat m/z 631.39 (M10) has a Mw 176 Da more than BA
and was associated according to mass calculations to the glucuronide conjugate of BA.
Glucuronidation is the most frequent phase II metabolic reaction and the most important
detoxification pathway for both endogenous compounds and xenobiotics. Glucuronidation
is catalyzed by UDP—glucuronosyltransferases (UGTs) that transfer UDP—glucuronic
acid to nucleophilic atoms in the acceptor molecule [43]. Glucuronidation occurs at O—
linked moieties such as hydroxy, phenolic or acyl and the resulting conjugates exhibit
high hydrosolubility and consequently are easily eliminated via renal excretion or biliary
excretion [38]. This type of conjugation also occurs both at the newly formed functional
group during phase I reactions or directly with the parent ion that already possesses such
a functional group. Hence, in the case of BA, most likely conjugation with GluA altered
the already available hydroxyl group, as was reported before [23,44]. A large variety of
phytocompounds undergo glucuronidation after in vivo administration in rodents, such
as flavonoids [45], alkaloids [37] or triterpenes such as ursolic acid [44], betulinic acid [23]
and betulin [46], thus enabling their excretion.

Inspection of the MS screening spectrum also indicated the formation of the [M-H]~
precursor ion at m/z = 647.38 (M11), which has a Mw 192 Da more than BA and 16
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Da more than M10. Hence, according to the mass calculations, M11 is most likely the
monohydroxylated glucuronoconjugate of BA. In a similar manner, the [M-H]™ ion detected
at m/z 661.37 (M12) has a Mw 206 Da more than BA and 30 Da more than M10. Upon mass
calculation, M12 has the features of being the oxidated glucuronoconjugated metabolite of
BA, where the oxidation reaction altered the methyl group into carboxyl. Last, the [M-H]~
ion detected at m/z 663.37 (M13) has a Mw 208 Da more than BA and 32 Da more than M10
and thus was considered upon calculation as the dihydroxylated, glucuronoconjugated
metabolite of BA. M10, M11 and M12 compounds associated with BA metabolism were
also described by Li et al. [23], following the metabolomic profiling in rats subsequent to
administration of traditional Chinese medicine remedies. As in the case of sulfoconjugates,
it seems that both BA and its phase I metabolites undergo glucuronidation, as reported
before for these types of molecules [42,47].

2.2. Structural Analysis of BA and BA Metabolites by Negative Ion Mode ESI Orbitratp MS/MS
in Plasma Samples

The deprotonated ion [M-H] ™~ of BA and all the precursor ions related to BA metabolism
identified in plasma samples were isolated and submitted to structural detailed inves-
tigation by fragmentation using CID MS/MSunder variable collision energies within
0-35 eV. The fragmentation features of BA and its metabolites consisted in neutral losses
of HO (—18 Da), CO, (—44 Da), HCOOH (—46 Da), C3Hy (—40 Da), O (—16 Da), CH;
(—14 Da) and ring cleavage fragment ions, as already reported for triterpenes and triterpenic
acids [22,32,40,43,47,48], but also for flavonoids [49] and other plant-derived glycosides [50].

2.2.1. Structural Analysis of BA Isolated from Plasma Samples

BA, identified as [M-H]~ at m/z 455.35, was isolated and submitted to structural
analysis by CID MS/MS. The spectrum generated under these analytical conditions in
depicted in Figure 2A and the fragmentation pathway of BA in Figure 2B. Inspection of
the fragmentation spectrum indicates the formation of a high number of fragment ions
diagnostic for the analyzed structure. The fragment ion identified at 7/z 437.34 (—18 Da)
corresponds to the neutral loss of water, under the form of [M-H*]~ H,O. The latter
undergoes further fragmentation generating a fragment with 46 Da less, corresponding
to the loss of HCOOH at m/z 391.34 and a fragment at m/z 327.23 by the cleavage of
isopropenyl and five methylene substituents. The latter could further form a fragment at
m/z 281.23 (—46 Da) by the elimination of HCOOH. Another sequencing pathway for BA
is by the cleavage of CO,, yielding a fragment at m/z 411.36 (—44 Da). The decarboxylated
form of BA undergoes several sequencing stages more generating a fragment ion at m/z
395.37 (—16 Da), corresponding to the loss of O, which in turn generates a fragment at
m/z 381.35 (—14 Da), by the loss of CH;. Moreover, BA could also form the fragment at
m/z 373.27 (—82 Da) by the cleavage of C3H, and three CH, substituents. The latter could
yield a diagnostic fragment at m/z 357.28 (—16 Da) corresponding to the loss of O, that
in turn could form m/z 257.22 by the loss of HCOOH, CH, and ring cleavage of cycle E
and subsequently m/z 243.21 by the loss of another CH,. Further, under these analytical
conditions, m/z 305.28 and m/z 153.09, another two ring cleavage ions were identified.
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Figure 2. Structural characterization of betulinic acid (BA) (33, hydroxy-lup-20(29)-en-28-oic acid).
(A) ESI CID MS/MS spectra of the [M-H] ™~ ion detected at m/z 455.35 in the negative ion mode: spray
voltage 0.70 kV, capillary temperature 275 °C and collision energies within 0-35 eV. (B) Proposed
fragmentation pathway.

2.2.2. Structural Analysis of Phase I Metabolites

The experimental sequencing conditions by CID MS/MS enabled the isolation and
structural investigation of the precursor ions related to phase I metabolism of BA resulting
from monohydroxylation, dihydroxylation, oxidation and hydrogenation. ESI CID MS/MS
spectra are depicted in Figure 3 and the proposed fragmentation pathway in Figures 4 and 5.
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Figure 3. ESI CID MS/MS spectra in the negative ion mode of phase I metabolites detected as [M-H]~
ions: M1 (m/z 457.37), M2 (mn/z 471.35), M3 (m/z 485.33) and M4 (m/z 487.34); spray voltage 0.70 kV,
capillary temperature 275 °C and collision energies within 0-35 eV.

M1, identified as the [M-H]~ ion at m/z 457.37 and assigned according to the mass
calculations to the hydrogenation product of BA, was isolated and submitted to CID
MS/MS sequencing, The fragmentation MS/MS spectrum and fragmentation scheme are
depicted in Figures 3 and 4. The fragment ion identified at m/z 439.36 (—18 Da) corresponds
to the neutral loss of water and in turn forms a fragment ion at m/z 393.35 (—46 Da) by
the cleavage of HCOOH and a fragment at m/z 395.37 (—44 Da) by the loss of COy, a
fragmentation pathway similar to the one of BA. Furthermore, the parent ion could yield
two more fragment ions: (i) m/z 413.38 (—44 Da) by the loss of CO,, which in turn yields to
m/z 325.29 (—88 Da) by the concurrent loss of H,O, isopropyl and two CHj substituents,
and (ii) m/z 411.36 (—46 Da) by the loss of HCOOH. M1 could also yield the fragment ion
at m/z 373.27 by the loss of isopropyl and three CH; substituents, which in turn generates
the fragment at m/z 315.27 (—58 Da) by the loss of CO, and CH;. Moreover, in the CID
MS/MS spectrum, a ring cleavage fragment ion at m/z 273.26 was also identified.

M2, identified as [M-H] ™~ at m/z 471.35, was isolated and sequenced by CID MS/MS
using a collision energy within 0-35 eV, parameters that enabled the formation of fragment
ions suggestive for the monohydroxylated structure. The CID MS/MS spectrum of M2
is depicted in Figure 3 and the fragmentation scheme in Figure 4. The fragment ion
identified at m/z 431.32 (—40 Da) corresponds to the loss of C3Hy, and further forms m/z
415.32 (—16 Da) by the loss of O, which subsequently forms the fragment at m/z 397.31
(—18 Da) by neutral loss of H,O. Hence, the formation of the last two fragment ions are very
suggestive for the proposed monohydroxylated metabolite structure. Furthermore, M2
could generate another fragment ion at m/z 387.33 (—84 Da) which corresponds to the loss
of both C3Hy and CO,. The latter yields two more fragment ions at m/z 373.31 (—14 Da)
and m/z 357.32 (—16 Da) by the consecutive loss of CH; and O. Another fragmentation
pathway for M2 occurred by a ring cleavage reaction that resulted in the loss of cycle E
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and opening of the cycle D, leading to the fragment ion identified at m/z 321.28 (—150 Da).
The latter could further yield m/z 293.25 and m/z 253.22. by the consecutive loss of two
CH, followed by ring cleavage of cycle C. The last could form the fragment at m/z 237.22
(—16 Da) corresponding to the loss of O, followed by /2 179.18 (—58 Da) by the concurrent
elimination of another O and three CH,. All these data combined are indicative for the
monohydroxylated structure. Not least, a small ring cleavage fragment was identified at
m/z 153.09, as in the case of BA, together with its decarboxylated form at m/z = 109.10.
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Figure 4. Proposed fragmentation pathway for phase I metabolites: M1-M2.
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Figure 5. Proposed fragmentation pathway for phase I metabolites: M3-M4.

In addition, M3, identified as [M-H] ~ ion at m/z 485.33 and assigned according to mass
calculations to the oxidized metabolite of BA, was structurally characterized by tandem
MS. The MS/MS spectrum reveals the formation of a substantial number of fragments
that support the proposed dicarboxylated structure, as depicted in Figures 3 and 5. The
fragment ion identified at /2 441.34 (—44 Da) corresponds to the loss of CO,, which in turn
could form the fragment at m/z 423.33 (—18 Da) by the neutral loss of HyO. Most probably
the latter could generate the fragment at m/z 383.30 (—40 Da) by the loss of C3H4 and
further could form the fragment at m/z 339.31 (—44 Da) by the loss of the CO, originating
from the second available carboxyl group. In the MS/MS spectrum, the fragments at
m/z 311.27, 255.21 and 229.20 that may derive from 339.23 were also identified, formed
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by the consecutive loss of CH, groups and ring cleavage reactions, as proposed in the
fragmentation scheme depicted in Figure 5. Another fragmentation pathway for the parent
ion is associated with the fragment identified at m/z 469.33 (—16 Da) corresponding to the
loss of O. The latter could generate the fragment at 411.33 (—58 Da) by the simultaneous
loss of CO, and CH; groups, which in turn could further sequence with the formation of
the fragment at m/z 327.31 (—84 Da) by the concurrent loss of CO,, originating from the
second available carboxyl and C3Hy groups. Not least, the parent ion could undergo two
consecutive fragmentation reactions, with the formation of two fragments at m/z 373.27
and 357.28, by the simultaneous loss of CO,, C3H,, two CHj; and the loss of O, respectively.

Next, M4, identified as the [M-H]~ ion at m/z 487.34 assigned according to mass
calculation to the dihydroxylated metabolic product of BA, was structurally investigated.
The MS/MS spectra (Figure 3) and proposed fragmentation pathway (Figure 5) exhibits the
formation of a fair number of fragment ions that document the dihydroxylated structure.
Hence, the parent ion could yield the following fragment ions: (i) m/z 469.33 (—18 Da),
which corresponds to the neutral loss of a HyO; (ii) m/z 441.34 (—46 Da), which corresponds
to the removal of HCOOH; and (iii) m/z 447.31 (—40 Da) by the elimination of CsHy. The
latter could produce the fragment at m1/z 389.31 (—58 Da) by the removal of CO, and CH,
and also the fragment at m/z 431.32 (—16 Da) by the loss of O. The latter eliminates one
molecule of HyO, generating the fragment at m/z 413.31 (—18 Da), which in turn could
form the fragment ion at m/z 351.31 (—62 Da) by the concurrent removal of HCOOH and
O. In addition, m/z 431.32 could produce the fragment at m/z 373.31 (—58 Da) by the
elimination of CO; and CHj, which in turn could form the fragment at m/z 357.32 by
the removal of O. The sequencing parameter enabled the formation of a number of ring
cleavage fragment ions such as m/z 229.20, which could derive from m/z 351.31, and m/z
293.25 and 253.22, originating from m/z 373.31 (Figure 5).

2.2.3. Structural Analysis of Phase II Metabolites

The precursor ions related to phase II metabolism of BA resulting from sulfation, glu-
curonidation and methylation were isolated and successfully sequenced by CID MS/MS.
ESI CID MS/MS spectra are depicted in Figure 6 and the proposed fragmentation path-
ways in Figures 7-10. M5 identified as the precursor ion [M-H]~ at m/z 469.37, assigned
according to the mass calculations to the methylated metabolite of BA, was submitted
to sequencing by CID MS/MS. The MS/MS spectra of M5 is depicted in Figure 6. The
fragment ion at m/z 425.38 (—44 Da) corresponds to the loss of CO,. The latter could form
a fragment ion at m/z 319.30(—106 Da) by the cleavage of cycle E and opening of cycle
D and a fragment at m/z 411.36 (—14 Da) by the loss of CHj. In turn, m/z 411.36 could
yield m/z 395.37 (—16 Da) by the elimination of O and m/z 357.32 by the cleavage of C3Hy
and CHj.
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Figure 6. ESI CID MS/MS spectra in the negative ion mode of phase II metabolites detected as
[M-H]~ ions: M5 (m/z 469.37), M6 (m/z 535.31), M7 (m/z 551.30), M8 (m/z 565.28), M9 (m/z 567.30),
M10 (m/z 631.39), M11 (m/z 647.38), M12 (m/z 661.36) and M13 (m/z 663.37); spray voltage 0.70 kV,
capillary temperature 275 °C and collision energies within 0-35 eV.
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Figure 10. Proposed fragmentation pathway for phase II metabolites: M12-M13.

Structural Analysis of Sulphated Metabolites

Mé, identified as the precursor ion [M-H*]~ at m/z 535.31, was assigned according to
the mass calculations to the sulfoconjugate metabolite of BA and was submitted to MS/MS
experiments. Inspection of the MS/MS spectrum reveals the formation of a high number of
diagnostic fragment ions that document the proposed structure. The fragmentation spec-
trum and proposed fragmentation pathway are depicted in Figures 6 and 7. The fragment
ion at m/z 455.35 is 80 Da less than the parent ion, a typical fragment for the sequencing
of sulfoconjugates, which corresponds to the cleavage of SO3 [51] and most importantly
brings solid evidence regarding the proposed sulfoconjugated structure. Further, m/z
455.35 could generate: (i) the fragment at m/z 411.36 (—44 Da) which corresponds to the
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removal of CO;, as presented in the fragmentation scheme of BA; (ii) the fragment at m/z
351.31 (—104 Da) by the simultaneous loss of HCOOH, C3H, and H,O, which in turn
could produce the fragment at m/z 309.26 (—42 Da) by the removal of three CH, groups,
which generates the fragment at m/z 281.23 (—28 Da) by the elimination of other two
CH; groups, lastly forming two consecutive ring cleavage ions at m/z 255.21 and 241.20
corresponding to the elimination of cycle E; (iii) m/z 373.27 (—82 Da), corresponding to the
simultaneous cleavage of C3Hy and three CH, groups, which in turn could produce m/z
357.28 (—16 Da), corresponding to the additional removal of O, as already presented in the
fragmentation scheme of BA. Moreover, the MS/MS spectra of M5 exhibit a fragment ion
at m/z 477.30 (—58 Da) which could be produced by the concurrent elimination of CO, and
CHpy, that in turn could generate the fragment at m/z 367.34 (—110 Da) by the simultaneous
removal of SO3, O and CHy. The latter could form two consecutive fragments at m/z 327.31
(—40 Da) and 313.29 (—14 Da) by the loss of C3H4 and CHj,respectively. Nonetheless, a
small fragment at m/z 153.09 was also identified, which corresponds to cycle E and its
substituents, as already observed in the MS/MS spectrum of BA or M2.

Next, M7 was identified as the precursor ion [M-H]~ at m/z 551.30, which according
to the mass calculations corresponds to the monohydroxylated sulfoconjugated metabolite
of BA, and was structurally investigated during MS/MS experiments. The fragmentation
spectrum and proposed fragmentation pathway are depicted in Figures 6 and 7. Inspection
of the MS/MS spectra reveals the formation of the fragment ion at m/z 507.31 (—44 Da),
which corresponds to the elimination of CO,. The latter could form the following fragments:
(i) m/z 305.14 (—202 Da), which correlates to a ring cleavage fragment ion of rings C, D,
E, bearing the sulphate; (ii) 7/z 373.31 (—134 Da) by the simultaneous loss of SO3, C3Hy
and CH; groups. The latter could produce the fragment at m/z 357.31 (—16 Da) by the
removal of O and last, a ring cleavage ion of cycles D, E concurrent with loss of H,O at
m/z 273.27. Two other fragment ions were identified in the MS/MS spectra of the parent
ion: m/z 533.29 which corresponded to the loss of O and desaturation, and m/z 521.29
(—30 Da), which correlated to the concurrent removal of CH, and O.

MBS, identified as the [M-H] ™ ion m/z 565.28, was assigned according to mass calcu-
lations as the oxidated sulfconjugated metabolite of BA and was submitted to MS/MS
experiments. The MS/MS spectrum and proposed fragmentation pathway depicted in
Figures 6 and 8 exhibit the formation of a fair number of fragment ions that document the
proposed structure. M8 could generate four fragment ions: (i) m/z 477.30 (—88 Da) by the
loss of 2 CO, derived from the available two carboxyl groups, followed by a ring cleavage
fragment concurrent with the loss of SO3 at m/z 237.22; (ii) m/z 389.23 (=176 Da) by the
concurrent cleavage of SO3, C3Hy and four CH; groups, which it turn could form m/z
327.23 (—62 Da) by the cleavage of HCOOH and O, m/z 283.24 (—44 Da) by the loss of CO,
and finally m/z 175.15 by the cleavage of cycles A and B; (iii) m/z 505.26 (—60 Da) by the
cleavage of HCOOH and CH, groups followed by m/z 491.25 (—14 Da) resulting from the
loss of another CHy; (iv) m/z 373.27 (—192 Da) by the concurrent elimination of SO3, CO,,
C3H4 and two CH; groups, which in turn could generate both m/z 357.28 by the loss of O.

M9, identified as the [M-H] ™ ion at m/z 567.30, was assigned according to the mass
calculations as the dihydroxylated sulfoconjugated BA metabolite and was isolated and
submitted to detailed structural analysis by MS/MS experiments. Inspection of the frag-
mentation spectra (Figure 6) indicates the formation of a large number of fragment ions that
document the metabolite structure, as depicted in the proposed fragmentation pathway
(Figure 8). Thus, one of the most important fragment ions identified in the fragmentation
spectra is m/z 455.35 (—112 Da), corresponding to BA resulting from the concurrent re-
moval of SOz and two O and providing solid evidence for the structure of the proposed
metabolic product. Additionally, M9 could generate the following fragments: (1) m/z
431.32 (—136 Da) by the simultaneous loss of SO3, O and C3Hy groups, that in turn forms
the fragment at m/z 415.32 (—16 Da) by the elimination of O and consecutively m/z 397.31
by the loss of O and desaturation; (2) m/z 507.30 (—60 Da) by the removal of CO; and O
groups, which in turn could produce the fragment at m/z 491.32 (—16 Da) by the elimi-
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nation of O and a ring cleavage fragment at m/z 305.14, which bears SOs3; (3) m/z 539.27
(—28 Da) by the removal of two CH; groups and consecutively m/z 525.25 (—14 Da) by
the loss of another CHj; (4) m/z 483.28 (—84 Da) by the concomitant loss of CO; and
C3H,4 groups, which in turn could produce the fragment at m/z 389.31 (=94 Da) by the
simultaneous cleavage of SO; and CHj; the latter could form a series of three fragments
at m/z 373.31, m/z 357.32 and m/z 341.32 by the successive loss of O, originating from
the three available hydroxyl substituents, hence reinforcing the proposed dihydroxylated
sulfoconjugated structure; (5) m/z 549.31, corresponding to the loss of O and desaturation;
(6) m/z 329.28, a ring cleavage ion that could also derive from the parent ion, which in
turn could produce m/z 311.27 by the loss of HyO and m/z 219. 21, a ring cleavage ion of
cycle D.

Structural Analysis of Glucuronated Metabolites

M10, identified as the precursor ion [M-H] ™ at m/z 631.39, was assigned according
to the mass calculations as the glucuronoconjugate of BA and was submitted to structural
investigation by CID MS/MS. The fragmentation spectra (Figure 6) indicates the formation
of fragment ions diagnostic for the glucuronoconjugated structure, as depicted in the
proposed fragmentation pathway (Figure 9). M10 could produce the following fragment
ions: (i) m/z 571.36 (—60 Da) by the cleavage of HCOOH and CH; groups, that in turn forms
m/z 557.35 (—14 Da) by the loss of another CHy; (ii) m/z 455.35 (—176 Da) by the cleavage
of GluA from the parent ion, a typical fragmentation pattern for glucuronoconjugates [52],
which provides solid evidence for the glucuronidation of BA. The latter could generate the
following: (i) m/z 367.34 (—88 Da) by the loss of CO,, two CH; and O, that in turn could
form m/z 353.32 by the loss of CH; and consecutively m/z 339.31 by the loss of another
CH,,; (ii) m/z 387.29 (—68 Da) by the elimination of CsH4 and two CHj; groups. The latter
could generate m/z 373.27 (—14 Da) by the removal of CH;, which in turn forms m/z 281.23
(=92 Da) by the concurrent loss of HCOOH, H,O and two CH; groups, and m/z 255.21,
a ring cleavage of cycle E. Nonetheless, the MS/MS spectra exhibited also m/z 237.22, a
ring cleavage ion probably originating from m/z 387.29 and m/z 153.09, a ring cleavage ion
already observed in the spectrum of BA or Mé.

Next, M11, identified as the [M-H]~ ion at m/z 647.38, was assigned according to
mass calculations as the monohydroxylatedglucuronoconjugated metabolite of BA and
was submitted to structural experiments by CID MS/MS. Inspection of the MS/MS spectra
(Figure 6) and proposed fragmentation pathway (Figure 9) indicates the formation of a
fair number of fragment ions that support the proposed structure. Hence, M11 could
generate m/z 603.39 (—44 Da) by the neutral loss of CO, which in turn could undergo
further sequencing with the formation of two fragments: (i) m/z 563.36 (—40 Da) by the
loss of C3H,, which in turn generates three more fragments at m/z 519.37 (—44 Da), 477.32
(—42 Da) and 463.31 (—14 Da) by the consecutive elimination of CO,, three CH; and one
more CHy, respectively; (ii) m/z 585.38 (—18 Da) by the neutral loss of H,O, which in turn
forms m/z 571.36 (—14 Da) by the elimination of CH,. M11 could generate four more
fragment ions: (1) m/z 387.33 (—260 Da) by the concurrent cleavage of GluA, CO, and
C3Hy4, which further could form m/z 373.31 (—14 Da), 357.32 (—16 Da) and 327.31 (—30
Da) by the consecutive loss of O and CHy; (ii) 7/z 497.40 (—150 Da) by the elimination
of the available two CO,, three CH; and three O, which further produces m/z 367.34 and
m/z 353.32; (iii) m/z 425.34 (—222 Da) by the cleavage of GluA and HCOOH, followed by
dehydratation and desaturation, generating m/z 405.32; (iv) m/z 629.37 (=18 Da) by the
neutral loss of H,O.

M12, identified as the [M-H]~ ion m/z 661.36, was assigned according to mass cal-
culations as the oxidated glucuronoconjugated metabolite of BA. The fragmentation CID
MS/MS spectrum and proposed fragmentation pathway are depicted in Figures 6 and 10.
M12 could form m/z 617.37 (—44 Da) by the loss of CO, that in turn forms both m/z 599.36
(=18 Da) by the neutral loss of H>O and m/z 573.38 (—44 Da) by the cleavage of another
COs,. The latter could form: (i) m/z 557.38 (—16 Da) by the loss of O, together with two
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fragments at m/z 367.34 and 325.90; (ii) m/z 519.33 (—54 Da) and 489.32 (—30 Da) by the
consecutive loss of two CHy, C3Hy and O. Further, M12 could generate m/z 643.35 (—18 Da)
by the neutral loss of H,O and 403.25 by the concurrent cleavage of GluA, C3Hy and three
CH, groups. The latter could form a series of fragments at m/z 389.23, 373.24 and 329.25 by
the consecutive cleavage of CHy, O and COs,.

At last, M13, identified as the precursor ion [M-H]™ ion at m/z 663.37, was assigned
according to mass calculations as the dihydroxylated glucuronoconjugated metabolite
of BA and was submitted to structural experiments by CID MS/MS. The fragmentation
spectrum and proposed fragmentation pathway are depicted in Figures 6 and 10. M13
could yield the following fragment ions: (i) m/z 619.39 (—44 Da) by the loss of CO,, and
subsequently m/z 603.39 (—16 Da) and 587.39 (—16 Da) by the consecutive loss of O. The
latter could form m/z 543.41 (—44 Da) by the elimination of another CO,, followed by m/z
513.39 (—30 Da) by the cleavage of CH; and O, which in turn forms m/z 481.41 (—32 Da) by
the loss of O. The latter could also further generate m/z 367.34 by the cleavage of C5HgO,
CH; and O and consecutively m/z 327.31 by the additional loss of C3Hy; (ii) m/z 645.36
(—18 Da) by loss of H,O, which in turn exhibits extensive fragmentation by the cleavage
of GluA, C3Hy, two O and two CH; groups, generating m/z 387.29 (—258 Da). The latter
could be fragmented further and form m/z 373.27 (—14 Da) and 357.28 (—16 Da) by the
consecutive loss of CH; and O, respectively; (iii) #1/z 503.37 (—160 Da) by the elimination
of two CO,, two O and C3Hy groups; and (iv) m/z 579.35 (—84 Da) by the cleavage of CO,,
and C3Hy. The latter could further generate m/z 403.32 (—176 Da) by the cleavage of GluA
and m/z 521.35 (—58 Da) by the loss of CO, and CHj, respectively.

2.3. Proposed Metabolic Pathway for BA in SKH1 Female Mice

In the current research, we were able to identify a total of 13 metabolites of BA after
intraperitoneal administration to SKH1 female mice, as depicted in Figure 11. Out of the
total metabolites, four (M1-M4) were associated with phase I metabolism resulting from
metabolic reactions such as monohydroxylation, dihydroxylation, oxidation and hydro-
genation. During these reactions, the targets for metabolic alterations were the isopropenyl
and methyl substituents of BA. In addition, nine (M5-M13) more metabolites, correlated
with phase II metabolism, were identified. The main phase II metabolic reactions for BA
were sulfation, glucuronidation and methylation, out of which: (i) three resulted directly
from phase II metabolism (M5, M6, M10) and (ii) six resulted from sulfoconjugation and
glucuronidation of phase I metabolites (M7-M9, M11-M13) yielded by monohydroxylation,
dihydroxylation and oxidation reactions. The metabolic site for M5, M6, M10 was the
only available hydroxyl substituent of BA, as described before [38]. Since BA metabolism
exhibited both compounds resulting from direct conjugation with endogenous substrates
and compounds conjugated with phase I metabolites, as disclosed in a previous study [23],
we may assume that the metabolic target for the conjugation of M7-M9 and M11-M13
metabolites could also be the original hydroxyl substituent of BA.

Although during the CID MS/MS structural investigations, a lot of diagnostic frag-
ments for the proposed structures were exhibited, more confirmation is needed for the exact
metabolic sites and alterations. For a future perspective, the current research will be com-
pleted with multistage sequencing (MS™) of the metabolic products and NMR confirmation
of their structure.
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Figure 11. Proposed metabolic pathway for betulinic acid (BA) (33, hydroxy-lup-20(29)-en-28-oic
acid) in SKH1 female mice.

3. Materials and Methods
3.1. Reagents
3.1.1. Chemicals

BA was purchased from Sigma-Aldrich (Taufkirchen, Germany). Acetone, methanol,
flax-seed oil and egg phosphatidylcholine were purchased from Merck (Darmstadt, Ger-
many) and used without further purification.

3.1.2. BA Nanoemulsion

BA nanoemulsion was obtained by reproducing a previously reported technique [53].
Briefly, BA was prepared as an oil-in-water nanoemulsion by homogenizing flax-seed oil
(the internal oil phase) with BA dissolved in chloroform. The aqueous phase containing
dissolved egg phosphatidylcholine in deionized ultrapure water was added under constant
stirring, followed by homogenizing cycles.

3.2. In Vivo Experiment

For the in vivo studies, SKH1 adult female mice (n = 4 mice, age: 20-24 weeks, weight:
25 + 2 g) were acquired from Charles River Laboratory (Budapest, Hungary) and used. The
animals were kept in the University animal facility in standard conditions, as follows: food
and water ad libitum, a 12 h/12 h light-dark cycle, an ambient temperature of 22-24 °C, and
humidity around 55%. The experimental procedures were performed in compliance with
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the European Directive 2010/63/EU, the AVMA Guidelines for the Euthanasia of Animals
(2013 Edition) and the National Law 43/2014 regarding the protection of animals used for
scientific purposes and were analyzed and approved by the University Research Ethics
Committee. The following protocol was applied: each mouse was intraperitoneally injected
with a dose of 40 mg/kg body weight BA nanoemulsion. Blood samples were collected after
2 h post administration by using the periorbital technique also known as orbital venous
plexus bleeding, after a standardized protocol [54]. All the procedures were performed
under anesthesia provided by isoflurane inhalation. At the end of the experiment, the mice
were euthanized by anesthesia and cervical dislocation.

3.3. Plasma Samples

Blood was collected in sterile vials on ethylenediaminetetraacetic acid (EDTA), cen-
trifuged for 10 min at 10,000 rpm and then plasma was collected and stored at —20 °C.
All plasma samples were deproteinized with methanol by dissolving 1 part plasma with
3 parts methanol, respectively (v/v). The supernatant was collected and subjected to an-
other round of purification with acetone by the same protocol. All sample solutions were
homogenized with a WisdVM-10vortex mixer (Witeg Labortechnik, Wertheim, Germany)
and centrifuged for 2 min at 10,000 rpm in a ThermoMicro CL17 microcentrifuge (Thermo
Fisher Scientific, Massachusetts, MA, USA). The supernatant was collected and submitted
to MS measurements.

3.4. Orbitrap Mass Spectrometry

The nanoESI MS experiments were conducted on a LTQ Orbitrap Velos Pro™ mass
spectrometer, from Thermo Fisher Scientific (Bremen, Germany), equipped with the offline
nanoES source ES 259 (Thermo Fisher, Massachusetts, MA, USA). Ten microliters from
each plasma sample was loaded into the borosilicate emitters ES380 (Proxeon, Roskilde,
Denmark) and directly infused into the instrument through the offline nanoES source
connected to the instrument using the Nanospray Flex Ion Source (Thermo Scientific,
Massachusetts, MA, USA) at a spray current of 0.08 A, obtained by applying a spray
voltage of 0.70 kV, keeping the capillary temperature at 275 °C and the S-lens RF level at 60%.
All mass spectra were subsequently screened in negative ion mode, which was previously
demonstrated to be the best option for molecules containing carboxylic moiety [55], and
detected under identical conditions, with no sheath, sweep or auxiliary gas, in an m/z
range of 100 to 1000. Prior to experiments, the m/z scale was calibrated with external
standard Pierce ESI Negative Ion Solution (Thermo Scientific, Massachusetts, MA, USA).
The mass spectrometer was operated and controlled by the LTQ Tune Plus v2.7 build 1112
SP2 software (Thermo Scientific, Massachusetts, MA, USA) running under Windows 7,
while the MS data acquisition and processes were achieved using Xcalibur 3.0.63 software
(Thermo Scientific, Massachusetts, MA, USA). MS/MS experiments were carried out in
the LTQ sector by CID with Orbitrap detection. Ion selection and fragmentation were
performed manually, using variable collision energies within 0-35 eV. The precursor ions
were selected within an isolation width of 2 m/z units.

4. Conclusions

The current study was focused on the screening and sequencing of BA metabolites
by MS-based techniques, following in vivo administration. To this end, a nanoemulsion
containing BA was prepared and administered intraperitoneally to SKH1 female mice.
Plasma samples were collected post-treatment and were analyzed by HRMS. Screening
experiments of BA and BA metabolites in plasma samples were conducted by ESI Orbitrap
MS in the negative ion mode, while structural characterization was conducted by CID
MS/MS. The study design combined with the applied analytical strategy enabled the iden-
tification of 13 phase I and phase II metabolites of BA in plasma samples. The main phase I
metabolic reactions BA underwent were monohydroxylation, dihydroxylation, oxidation
and hydrogenation, while phase II metabolism was represented by a conjugation reaction
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with sulfate or GluA and methylation. In addition, detailed structural information were
collected by sequencing of the precursor ions by CID MS MS, data that enabled elucidation
of the fragmentation pathway for BA and its plasma metabolites. The main fragmentation
pattern for BA and its phase I metabolites revealed during MS/MS experiments consisted
mainly in neutral losses of H,O, CO, HCOOH, C3Hy, O and CH; accompanied in some
cases by ring cleavage fragmentation. In addition, phase Il metabolites exhibited diagnostic
fragments by the cleavage of sulfate and GluA. The whole set of information obtained
during the detailed structural investigation of BA metabolites contributes to framing a solid
database of BA’s metabolic pathway and provides in-depth knowledge of their CID MS/MS
sequencing behavior. The obtained results enrich and complete BA’s ADME parameters,
in particular its metabolic profile, mandatory for all molecules that are considered to be
developed as medicinal drugs. Moreover, some of the identified metabolites during the
present study may be active metabolites, which are most likely more polar than BA and pos-
sess superior bioavailability. Hence, this work represents a foundation for developing BA
derivatives that share its biological and pharmacological activities but have the credentials
to display a superior pharmacokinetic profile, suitable for cancer treatment in humans.

Author Contributions: Conceptualization, R.G., M.M. and C.§.; methodology, R.G.,, M.M., D.C,, C.D.,
S.A,CVAM.,, VL, RR, AP, AM. and A.D.Z; validation, R.G. and A.D.Z.; resources, C.S. and C.D.;
writing—original draft preparation, R.G., D.C.,,C.D,, $.A.,, CVAM,, VI, RR, AP, AM. and AD.Z;
writing—review and editing, C.§. and M.M,; visualization, R.G. and M.M.; supervision, C.S.; project
administration, C.$.; funding acquisition, C.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by an internal grant at “Victor Babes” University of Medicine
and Pharmacy, Grant 1EXP/1233/30.01.2020 LUPSKINPATH.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics Com-
mittee of Victor Babes University of Medicine and Pharmacy, Timisoara, Romania Nr. 11/11 March
2022 for studies involving animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fulda, S. Betulinic acid for cancer treatment and prevention. Int. J. Mol. Sci. 2008, 9, 1096-1107. [CrossRef]

2. Guo, S.; Duan, J.A,; Tang, Y.P;; Yang, N.Y.; Qian, D.W.; Su, S.L.; Shang, E.X. Characterization of triterpenic acids in fruits of
ziziphus species by HPLC-ELSD-MS. |. Agric. Food Chem. 2010, 58, 6285-6289. [CrossRef] [PubMed]

3. Karan, B.N,; Maity, TK,; Pal, B.C.; Singha, T.; Jana, S. Betulinic Acid, the first lupane-type triterpenoid isolated via bioactivity-
guided fractionation, and identified by spectroscopic analysis from leaves of Nyctanthes arbor-tristis: Its potential biological
activities in vitro assays. Nat. Prod. Res. 2019, 33, 3287-3292. [CrossRef] [PubMed]

4. Mioc, M.; Prodea, A.; Racoviceanu, R.; Mioc, A.; Ghiulai, R.; Milan, A.; Voicu, M.; Mardale, G.; Soica, C. Recent Advances
Regarding the Molecular Mechanisms of Triterpenic Acids: A Review (Part II). Int. |. Mol. Sci. 2022, 23, 8896. [CrossRef] [PubMed]

5. Hordyjewska, A.; Ostapiuk, A.; Horecka, A.; Kurzepa, J. Betulin and betulinic acid: Triterpenoids derivatives with a powerful
biological potential. Phytochem. Rev. 2019, 18, 929-951. [CrossRef]

6.  Coricovac, D.; Dehelean, C.A.; Pinzaru, I.; Mioc, A.; Aburel, O.M.; Macasoi, I.; Draghici, G.A.; Petean, C.; Soica, C.; Boruga, M.;
et al. Assessment of Betulinic Acid Cytotoxicity and Mitochondrial Metabolism Impairment in a Human Melanoma Cell Line. Int.
J. Mol. Sci. 2021, 22, 4870. [CrossRef]

7. Zeng, A.; Hua, H,; Liu, L.; Zhao, J. Betulinic acid induces apoptosis and inhibits metastasis of human colorectal cancer cells
in vitro and in vivo. Bioorganic Med. Chem. 2019, 27, 2546-2552. [CrossRef] [PubMed]

8. Lee, D, Lee, S.R,;Kang, K.S,; Ko, Y.; Pang, C.; Yamabe, N.; Kim, K.H. Betulinic Acid Suppresses Ovarian Cancer Cell Proliferation
through Induction of Apoptosis. Biomolecules 2019, 9, 257. [CrossRef] [PubMed]

9. Xu, T;Pang, Q.; Wang, Y; Yan, X. Betulinic acid induces apoptosis by regulating PI3K/ Akt signaling and mitochondrial pathways
in human cervical cancer cells. Int. |. Mol. Med. 2017, 40, 1669-1678. [CrossRef] [PubMed]

10. Zeng, A.Q; Yu, Y; Yao, Y.Q.; Yang, EF,; Liao, M.; Song, L].; Li, Y.L.; Yu, Y;; Li, Y.J.; Deng, Y.L.; et al. Betulinic acid impairs

metastasis and reduces immunosuppressive cells in breast cancer models. Oncotarget 2018, 9, 3794-3804. [CrossRef]


http://doi.org/10.3390/ijms9061096
http://doi.org/10.1021/jf101022p
http://www.ncbi.nlm.nih.gov/pubmed/20426471
http://doi.org/10.1080/14786419.2018.1470171
http://www.ncbi.nlm.nih.gov/pubmed/29724132
http://doi.org/10.3390/ijms23168896
http://www.ncbi.nlm.nih.gov/pubmed/36012159
http://doi.org/10.1007/s11101-019-09623-1
http://doi.org/10.3390/ijms22094870
http://doi.org/10.1016/j.bmc.2019.03.033
http://www.ncbi.nlm.nih.gov/pubmed/30910472
http://doi.org/10.3390/biom9070257
http://www.ncbi.nlm.nih.gov/pubmed/31277238
http://doi.org/10.3892/ijmm.2017.3163
http://www.ncbi.nlm.nih.gov/pubmed/29039440
http://doi.org/10.18632/oncotarget.23376

Molecules 2022, 27, 7359 23 of 24

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Oliveira-Costa, J.F.; Meira, C.S.; Neves, M.V.G.D.; Dos Reis, B.P.Z.C.; Soares, M.B.P. Anti-Inflammatory Activities of Betulinic
Acid: A Review. Front. Pharmacol. 2022, 13, 1866. [CrossRef] [PubMed]

Bildziukevich, U.; Ozdemir, Z.; Wimmer, Z. Recent achievements in medicinal and supramolecular chemistry of betulinic acid
and its derivatives. Molecules 2019, 24, 3546. [CrossRef] [PubMed]

Rios, J.L.; Mafiez, S. New Pharmacological Opportunities for Betulinic Acid. Planta Med. 2018, 84, 8-19. [CrossRef] [PubMed]
Ghiulai, R.; Rosca, O.].; Antal, D.S.; Mioc, M.; Mioc, A.; Racoviceanu, R.; Macasoi, I; Olariu, T.; Dehelean, C.; Cretu, O.M.; et al.
Tetracyclic and pentacyclic triterpenes with high therapeutic efficiency in wound healing approaches. Molecules 2020, 25, 5557.
[CrossRef] [PubMed]

Soica, C.; Danciu, C.; Savoiu-Balint, G.; Borcan, F,; Ambrus, R.; Zupko, I.; Bojin, F.; Coricovac, D.; Ciurlea, S.; Avram, S.; et al.
Betulinic Acid in Complex with a Gamma-Cyclodextrin Derivative Decreases Proliferation and in vivo Tumor Development of
Non-Metastatic and Metastatic B164A5 Cells. Int. . Mol. Sci. 2014, 15, 8235-8255. [CrossRef] [PubMed]

Saneja, A.; Arora, D.; Kumar, R.; Dubey, R.D.; Panda, A.K.; Gupta, PN. Therapeutic applications of betulinic acid nanoformulations.
Ann. N. Y. Acad. Sci. 2018, 1421, 5-18. [CrossRef] [PubMed]

Roberts, S.A. Drug metabolism and pharmacokinetics in drug discovery. Curr. Opin. Drug Discov. Dev. 2003, 6, 66-80.
Bachmann, K. Drug Metabolism, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2009; ISBN 9780123695215.

Scott Obach, R. Pharmacologically active drug metabolites: Impact on drug discovery and pharmacotherapy. Pharmacol. Rev.
2013, 65, 578-640. [CrossRef]

Udeani, G.O.; Zhao, G.M.; Shin, Y.G.; Cooke, B.P.; Graham, J.; Beecher, CW.W,; Kinghorn, A.D.; Pezzuto, ]. M. Pharmacokinetics
and tissue distribution of betulinic acid in CD-1 mice. Biopharm. Drug Dispos. 1999, 20, 379-383. [CrossRef]

Cheng, X.; Shin, Y.G.; Levine, B.S.; Smith, A.C.; Tomaszewski, J.E.; Van Breemen, R.B. Quantitative analysis of betulinic acid in
mouse, rat and dog plasma using electrospray liquid chromatography/mass spectrometry. Rapid Commun. Mass Spectrom. 2003,
17,2089-2092. [CrossRef] [PubMed]

Zhang, W.D,; Jin, M.M.; Jiang, H.H.; Yang, ].X.; Wang, Q.; Du, Y.F; Cao, L.; Xu, H.J. Study on the metabolites of betulinic acid
in vivo and in vitro by ultra high performance liquid chromatography with time-of-flight mass spectrometry. J. Sep. Sci. 2019, 42,
628-635. [CrossRef] [PubMed]

Li, M.; Zhang, EX.; Wei, Z.C; Li, Z.T.; Zhang, G.X.; Li, H.]. Systematically characterization of in vivo substances of Ziziphi
Spinosae Semen in rats by ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight tandem mass
spectrometry analysis. J. Pharm. Biomed. Anal. 2021, 193, 113756. [CrossRef] [PubMed]

Nagana Gowda, G.A.; Djukovic, D. Overview of mass spectrometry-based metabolomics: Opportunities and challenges. Methods
Mol. Biol. 2014, 1198, 3-12. [CrossRef]

Gouveia, M.].; Brindley, PJ.; Santos, L.L.; Correia Da Costa, ].M.; Gomes, P,; Vale, N. Mass spectrometry techniques in the survey
of steroid metabolites as potential disease biomarkers: A review. Metabolism 2013, 62, 1206-1217. [CrossRef] [PubMed]

Segers, K.; Declerck, S.; Mangelings, D.; Heyden, Y.V.; Eeckhaut, A.V. Analytical techniques for metabolomic studies: A review.
Bioanalysis 2019, 11, 2297-2318. [CrossRef] [PubMed]

Dinda, B.; Chakraborty, A. Pharmacokinetics and Metabolism of Phytochemicals Having Anti-obesity and Antidiabetic Activity.
In Natural Products in Obesity and Diabetes: Therapeutic Potential and Role in Prevention and Treatment; Dinda, B., Ed.; Springer
International Publishing: Cham, Switzerland, 2022; pp. 469-505. ISBN 978-3-030-92196-5.

Song, Y.; Li, C; Liu, G; Liu, R,; Chen, Y.; Li, W,; Cao, Z.; Zhao, B.; Lu, C.; Liu, Y. Drug-Metabolizing Cytochrome P450 Enzymes
Have Multifarious Influences on Treatment Outcomes. Clin. Pharmacokinet. 2021, 60, 585-601. [CrossRef] [PubMed]
Strathmann, ]. Bioavailability and metabolism of curcuminoids. In Natural Compounds as Inducers of Cell Death; Springer: Dordrecht,
The Netherlands, 2012; Volume 47, pp. 95-124. [CrossRef]

Garcia, C.J.; Beltran, D.; Tomas-Barberan, F.A. Human Gut Microbiota Metabolism of Dietary Sesquiterpene Lactones: Untargeted
Metabolomics Study of Lactucopicrin and Lactucin Conversion In Vitro and In Vivo. Mol. Nutr. Food Res. 2020, 64, 2000619.
[CrossRef]

Zhang, Y.F; Liu, LJ.; Xu, E; Shang, M.Y,; Liu, G.X,; Cai, S5.Q. Investigation of the in vivo metabolism of sibirioside A and
Angoroside C in Rats by HPLC-ESI-IT-TOF-MSn. Molecules 2018, 23, 2702. [CrossRef] [PubMed]

El-Haj, B.M.; Ahmed, S.B.M. Metabolic-hydroxy and carboxy functionalization of alkyl moieties in drug molecules: Prediction of
structure influence and pharmacologic activity. Molecules 2020, 25, 1937. [CrossRef] [PubMed]

Xia, B.; Bai, L.; Li, X.; Xiong, J.; Xu, P.; Xue, M. Structural analysis of metabolites of asiatic acid and its analogue madecassic acid
in zebrafish using LC/IT-MSn. Molecules 2015, 20, 3001-3019. [CrossRef]

Lozano-Mena, G.; Sanchez-Gonzalez, M.; Parra, A.; Juan, M.E.; Planas, ].M. Identification of gut-derived metabolites of maslinic
acid, a bioactive compound from Olea europaea L. Mol. Nutr. Food Res. 2016, 60, 2053-2064. [CrossRef] [PubMed]

Chatterjee, P.; Kouzi, S.A.; Pezzuto, ].M.; Hamann, M.T. Biotransformation of the antimelanoma agent betulinic acid by Bacillus
megaterium ATCC 13368. Appl. Environ. Microbiol. 2000, 66, 3850-3855. [CrossRef] [PubMed]

De Sousa, LP,; Sousa Teixeira, M.V.; Jacometti Cardoso Furtado, N.A. An overview of biotransformation and toxicity of diterpenes.
Molecules 2018, 23, 1387. [CrossRef]

Guan, H.; Li, K;; Wang, X,; Luo, X.; Su, M,; Tan, W.; Chang, X.; Shi, Y. Identification of metabolites of the cardioprotective
alkaloid dehydrocorydaline in rat plasma & bile by liquid chromatography coupled with triple quadrupole linear ion trap mass
spectrometry. Molecules 2017, 22, 1686. [CrossRef]


http://doi.org/10.3389/fphar.2022.883857
http://www.ncbi.nlm.nih.gov/pubmed/35677426
http://doi.org/10.3390/molecules24193546
http://www.ncbi.nlm.nih.gov/pubmed/31574991
http://doi.org/10.1055/s-0043-123472
http://www.ncbi.nlm.nih.gov/pubmed/29202513
http://doi.org/10.3390/molecules25235557
http://www.ncbi.nlm.nih.gov/pubmed/33256207
http://doi.org/10.3390/ijms15058235
http://www.ncbi.nlm.nih.gov/pubmed/24821543
http://doi.org/10.1111/nyas.13570
http://www.ncbi.nlm.nih.gov/pubmed/29377164
http://doi.org/10.1124/pr.111.005439
http://doi.org/10.1002/1099-081X(199911)20:8&lt;379::AID-BDD198&gt;3.0.CO;2-C
http://doi.org/10.1002/rcm.1155
http://www.ncbi.nlm.nih.gov/pubmed/12955738
http://doi.org/10.1002/jssc.201800960
http://www.ncbi.nlm.nih.gov/pubmed/30427118
http://doi.org/10.1016/j.jpba.2020.113756
http://www.ncbi.nlm.nih.gov/pubmed/33217708
http://doi.org/10.1007/978-1-4939-1258-2_1
http://doi.org/10.1016/j.metabol.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23664145
http://doi.org/10.4155/bio-2019-0014
http://www.ncbi.nlm.nih.gov/pubmed/31845604
http://doi.org/10.1007/s40262-021-01001-5
http://www.ncbi.nlm.nih.gov/pubmed/33723723
http://doi.org/10.1007/978-94-007-4575-9_5
http://doi.org/10.1002/mnfr.202000619
http://doi.org/10.3390/molecules23102702
http://www.ncbi.nlm.nih.gov/pubmed/30347747
http://doi.org/10.3390/molecules25081937
http://www.ncbi.nlm.nih.gov/pubmed/32331223
http://doi.org/10.3390/molecules20023001
http://doi.org/10.1002/mnfr.201501060
http://www.ncbi.nlm.nih.gov/pubmed/27144997
http://doi.org/10.1128/AEM.66.9.3850-3855.2000
http://www.ncbi.nlm.nih.gov/pubmed/10966400
http://doi.org/10.3390/molecules23061387
http://doi.org/10.3390/molecules22101686

Molecules 2022, 27, 7359 24 of 24

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Janov, P; Siller, M. Phase II Drug Metabolism. Top. Drug Metab. 2012, 35-60, 29241. [CrossRef]

Li, M;; Si, D.; Fu, Z; Sang, M.; Zhang, Z.; Liu, E.; Yang, W.; Gao, X,; Han, L. Enhanced identification of the in vivo metabolites
of Ecliptae Herba in rat plasma by integrating untargeted data-dependent MS 2 and predictive multiple reaction monitoring-
information dependent acquisition-enhanced product ion scan. . Chromatogr. B Anal. Technol. Biomed. Life Sci. 2019, 1109, 99-111.
[CrossRef]

Gamage, N.; Barnett, A.; Hempel, N.; Duggleby, R.G.; Windmill, K.F,; Martin, J.L.; McManus, M.E. Human sulfotransferases and
their role in chemical metabolism. Toxicol. Sci. 2006, 90, 5-22. [CrossRef]

Zhang, W.; Jiang, H.; Jin, M.; Wang, Q.; Sun, Q.; Du, Y.; Cao, L.; Xu, H. UHPLC-Q-TOF-MS/MS based screening and identification
of the metabolites in vivo after oral administration of betulin. Fitoterapia 2018, 127, 29-41. [CrossRef]

Wang, L.; Li, S.; Li, ].; Cheng, Z.; Feng, Y.; Ouyang, H.; Du, Z.; Jiang, H. Comprehensive metabolic profiling of Alismatis Rhizoma
triterpenes in rats based on characteristic ions and a triterpene database. J. Pharm. Anal. 2021, 11, 96-107. [CrossRef]

Kutsuno, Y.; Itoh, T.; Tukey, R.H.; Fujiwara, R. Glucuronidation of drugs and drug-induced toxicity in humanized UDP-
glucuronosyltransferase 1 mice. Drug Metab. Dispos. 2014, 42, 1146-1152. [CrossRef]

Hu, X,; Shen, Y; Yang, S.; Lei, W.; Luo, C.; Hou, Y.; Bai, G. Metabolite identification of ursolic acid in mouse plasma and urine
after oral administration by ultra-high performance liquid chromatography/quadrupole time-of-flight mass spectrometry. RSC
Adv. 2018, 8, 6532-6539. [CrossRef] [PubMed]

Zhang, L.; Zuo, Z.; Lin, G. Intestinal and hepatic glucuronidation of flavonoids. Mol. Pharm. 2007, 4, 833-845. [CrossRef]
[PubMed]

Hu, Z.; Wang, Z.; Luo, S.; James, M.O.; Wang, Y. Phase Il metabolism of betulin by rat and human UDP-glucuronosyltransferases
and sulfotransferases. Chem. Biol. Interact. 2019, 302, 190-195. [CrossRef] [PubMed]

Cao, ER; Feng, L.; Ye, LH.; Wang, L.S.; Xiao, B.X,; Tao, X.; Chang, Q. Ganoderic acid A metabolites and their metabolic kinetics.
Front. Pharmacol. 2017, 8, 101. [CrossRef] [PubMed]

Sut, S.; Poloniato, G.; Malagoli, M.; Dall’acqua, S. Fragmentation of the main triterpene acids of apple by LC- APCI-MSn. |. Mass
Spectrom. 2018, 53, 882-892. [CrossRef]

Shao, S.Y,; Ting, Y.; Wang, J.; Sun, J.; Guo, X.E. Characterization and Identification of the Major Flavonoids in Phyllostachys edulis
Leaf Extract by UPLC-QTOF-MS/MS. Acta Chromatogr. 2020, 32, 228-237. [CrossRef]

Li, Y.; Meng, W.; Yuan, L.; Jiang, L.; Zhou, Z.; Chi, M.; Gong, Z.; Ma, X.; Huang, Y.; Zheng, L. Identification of Protosappanoside D
from Caesalpinia decapetala and Evaluation of Its Pharmacokinetic, Metabolism and Pharmacological Activity. Molecules 2022,
27,6090. [CrossRef]

Fitzgerald, C.C.J.; Hedman, R.; Uduwela, D.R.; Paszerbovics, B.; Carroll, A.].; Neeman, T.; Cawley, A.; Brooker, L.; McLeod, M.D.
Profiling Urinary Sulfate Metabolites with Mass Spectrometry. Front. Mol. Biosci. 2022, 9, 829511. [CrossRef]

Rincon Nigro, M.E.; Du, T.; Gao, S.; Kaur, M.; Xie, H.; Olaleye, O.A.; Liang, D. Metabolite Identification of a Novel Anti-
Leishmanial Agent OJT007 in Rat Liver Microsomes Using LC-MS/MS. Molecules 2022, 27, 2854. [CrossRef]

Dehelean, C.A; Feflea, S.; Ganta, S.; Amiji, M. Anti-angiogenic effects of betulinic acid administered in nanoemulsion formulation
using chorioallantoic membrane assay. J. Biomed. Nanotechnol. 2011, 7, 317-324. [CrossRef]

Parasuraman, S.; Raveendran, R.; Kesavan, R. Blood sample collection in small laboratory animals. J. Pharmacol. Pharmacother.
2010, 1, 87-93. [CrossRef] [PubMed]

Liigand, P; Kaupmees, K.; Haav, K; Liigand, J.; Leito, I.; Girod, M.; Antoine, R.; Kruve, A. Think Negative: Finding the Best
Electrospray Ionization/MS Mode for Your Analyte. Anal. Chem. 2017, 89, 5665-5668. [CrossRef] [PubMed]


http://doi.org/10.5772/29996
http://doi.org/10.1016/j.jchromb.2019.02.001
http://doi.org/10.1093/toxsci/kfj061
http://doi.org/10.1016/j.fitote.2018.04.010
http://doi.org/10.1016/j.jpha.2020.03.010
http://doi.org/10.1124/dmd.114.057083
http://doi.org/10.1039/C7RA11856B
http://www.ncbi.nlm.nih.gov/pubmed/35540410
http://doi.org/10.1021/mp700077z
http://www.ncbi.nlm.nih.gov/pubmed/17979245
http://doi.org/10.1016/j.cbi.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30776358
http://doi.org/10.3389/fphar.2017.00101
http://www.ncbi.nlm.nih.gov/pubmed/28326038
http://doi.org/10.1002/jms.4264
http://doi.org/10.1556/1326.2019.00688
http://doi.org/10.3390/molecules27186090
http://doi.org/10.3389/fmolb.2022.829511
http://doi.org/10.3390/molecules27092854
http://doi.org/10.1166/jbn.2011.1297
http://doi.org/10.4103/0976-500X.72350
http://www.ncbi.nlm.nih.gov/pubmed/21350616
http://doi.org/10.1021/acs.analchem.7b00096
http://www.ncbi.nlm.nih.gov/pubmed/28489356

	Introduction 
	Results and Discussion 
	Screening of BA and BA Metabolites by Negative Ion Mode ESI Orbitrap MS in Plasma Samples 
	Phase I Metabolic Products 
	Phase II Metabolic Products 

	Structural Analysis of BA and BA Metabolites by Negative Ion Mode ESI Orbitratp MS/MS in Plasma Samples 
	Structural Analysis of BA Isolated from Plasma Samples 
	Structural Analysis of Phase I Metabolites 
	Structural Analysis of Phase II Metabolites 

	Proposed Metabolic Pathway for BA in SKH1 Female Mice 

	Materials and Methods 
	Reagents 
	Chemicals 
	BA Nanoemulsion 

	In Vivo Experiment 
	Plasma Samples 
	Orbitrap Mass Spectrometry 

	Conclusions 
	References

