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ABSTRACT: Despite promising preliminary biology, natural ‘
products isolation efforts may be confounded when the active [

compound is not isolated during bioassay-guided purification or / 7\
classical pharmacognostic research investigations. A more rational

=
|

isolation procedure connecting the polypharmacology of an herb to
its individual constituents must be applied to better detect
bioactive molecules before tedious analytical steps are considered.
While Pausinystalia johimbe (yohimbe) has been traditionally used
in herbal medicine as a general tonic, an aphrodisiac, a performance
enhancer, and an integral part of various dietary supplements, the
hydroethanolic extract of yohimbe was identified to possess at least .
3—4-fold induction of the pregnane X receptor (PXR) at 30 pug/ " ooy
mL, a key nuclear receptor implicated in adverse interactions, viz.,

herb—drug interactions (HDIs). For rapid dereplication of potential HDI agents within yohimbe, a novel MS/MS-based molecular
networking analysis was integrated with in vitro data and in silico analysis of activity at PXR. Analysis of the molecular network of
biologically active fractions resulted in the dereplication of three oxindole alkaloids, 14 indole alkaloids, and eight N-oxide alkaloids
as the primary causative agents for PXR induction. The findings of this study indicate that this strategy could effectively guide the
rapid dereplication of bioactive causative agents within complex botanical extracts. Additionally, it serves as a proof-of-concept for
using integrated MS/MS-based molecular networking analysis to assess the safety profile of botanical supplements.
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Bl INTRODUCTION bioactive molecules before extensive isolation steps are
implemented should be rationally applied to medicinal herbs.
Dereplication, or the use of chromatographic and spectroscopic
analysis to recognize previously isolated substances present in an
extract, is thus crucial to mitigate exhaustive scientific efforts
when complex natural product mixtures are involved.
Pausinystalia johimbe (K. Schum.) Pierre ex Beille, commonly
known as yohimbe, is an evergreen tree in the family Rubiaceae.
Yohimbe is frequently touted as an herbal supplement for the
treatment of sexual dysfunction in men on the basis of being
administered traditionally in Africa as an aphrodisiac and for
treating male sexual disorders.” In addition, yohimbe has been
advertised as a local analgesic and performance enhancer,

Herbal medicines have been used for centuries to treat a wide
range of human ailments." The World Health Organization has
established that botanical products are significant components
of healthcare, with up to 80% of the population relying on herbal
medicines and/or plant-derived drugs.2 Considering the
continued use of botanical natural products among the public,
particularly concerning dietary supplements, herbs must be
meticulously investigated for safety and efficacy, which presents
a significant undertaking. In such investigations, the active
compound(s) may not be isolated during subsequent bioassay-
guided purification or classical phytochemical investigations,
despite promising preliminary bioassay results of extracts.
Moreover, herbs are typically complex in their composition,
which complicates the identification, quantitation, and attribu-
tion of the activity of individual constituents.” Accordingly,
most bioassay-guided fractionation efforts result in either
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repeated isolation of previously described molecules or the Published: December 16, 2024

failure to identify the molecule(s) responsible for the observed
bioactivity. Therefore, an isolation procedure that better detects
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Figure 1. Networking of protonated molecules obtained from MS fragmentation of P. johimbe bark extract and fractions 1, 2, 4, and 7. Clusters A—B:
indole alkaloids; Cluster C: unknown metabolites; Cluster D: oxindole alkaloids; Clusters E—I: N-oxide alkaloids.

increasing its popularity in over-the-counter supplements for
athletes.”"" The primary bioactive components of yohimbe are
indole alkaloids (~3—6% of plant’s composition), of which
especially yohimbine and its related compounds possess a broad
spectrum of biological activities.''? Yohimbine, specifically, has
been reported to be active at the a2-adrenergic receptor, as well
as the serotonin and dopamine receptors, and has attracted
significant scientific interest due to its polypharmacological
effects.'>'* However, yohimbine has also been associated with

- . . 13,15-18
adverse effects, such as sympathomimetic toxicity."">

Additionally, there is evidence for the biotransformation of
alkaloids, including indole alkaloids, regarding the oxidation of
the N-4 substituent.'”*° Complicating the structure—activity
relationship of biotransformed alkaloids is the stereoselective
production of a scalemic mixture of enantiomeric N-oxides,
which has been shown to occur with a structurally diverse array
of alkaloids."”~*' Notably, a 2018 study on P. johimbe revealed
the debatable existence of both enantiomeric N-oxide analogs of
several alkaloids present in yohimbe.”” It is postulated that the
oxidation of alkaloids in plants is intended to improve the
hydrophilicity of the compounds in order to aid in their active
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cellular transport and storage.”® However, the functionalization
of the N-4 substituent is hypothesized to alter the in vivo
pharmacological properties of the alkaloids compared to their
parent tertiary amines.

Despite the continued interest in its aphrodisiac effects, there
is a dearth of knowledge surrounding the effects of P. johimbe on
human metabolism. Jabir et al. hypothesize yohimbe as an ideal
ligand for several human G-protein coupled receptors (GPCRy),
particularly in the interest of anticancer act1v1ty However,
Hypericum perforatum L. (St. John’s wort), another medicinal
herb with activity at serotonin and dopamine GPCRs, has been
shown to contain compounds with significant pregnane X
receptor (PXR) inductive activity.”**> PXR (hPXR, NRI1I2) is a
nuclear receptor (NR), a family of ligand-regulated transcription
factors that directly influence transcription of genes that control
cell })rohferatlon, development, metabolism, and reproduc-
tion.”>*” Additionally, some experimental evidence suggests
that yohimbine-containing products can affect the hepatic
expression of a number of PXR downstream targets, e.g., Cd36 —
a fatty acid uptake transporter.'® PXR is poised as a NR target for
complex natural products, since, unlike the majority of NRs,
PXR exhibits a larger and more flexible ligand binding domain
(LBD), allowing for a greater structural diversity of ligands to
bind.?"~?* Notably, PXR is associated with major cytochrome
P450 (CYP450) genes which encode essential enzymes that are
responsible for the metabolism of various xenobiotics.*”?"
Botanical modulation of CYP450 activity that leads to marked
alteration in the pharmacokinetics of coadministered pharma-
ceuticals is considered an herb-drug interaction (HDI), which
may result in deleterious side effects. It was subsequently
hypothesized that HDIs involving yohimbe could result from
toxicity associated with compounds in P. johimbe that induce
PXR activity.

To support this hypothesis, this study integrated mass
spectrometry (MS) with Global Natural Products Social
Molecular Networking (GNPS) methodology in combination
with biological activity. The recent implementation of GNPS
has revolutionized natural product discovery and character-
ization by clustering compounds based on similar mass spectral
features, thereby enabling systematic comparison and rapid
identification of compounds by grouping fragments into clusters
based on their tandem mass spectrometry (MS/MS) data.*

The primary objective of this study was to rapidly dereplicate
the causative agents in yohimbe responsible for PXR activation
without performing intensive pharmacognosy steps. GNPS was
coupled with liquid chromatography (LC) to ascertain the
alkaloids present in biologically active (i.e, PXR-active)
yohimbe samples. Furthermore, the inductive activity of
fractions from yohimbe extract and of individual alkaloids
identified from these fractions was validated in vitro for PXR
modulation. In silico molecular docking provided insights into
the variations in activities observed for the yohimbe alkaloids.
Altogether, this holistic approach aimed to provide a proof-of-
concept for employing an integrated MS/MS-based molecular
networking analysis as a tool to determine the safety of botanical
supplements.

B RESULTS AND DISCUSSION

GNPS Network of Alkaloids from P. johimbe. To create a
GNPS network of alkaloids from P. johimbe, the ethanolic extract
and associated fractions of P. johimbe bark were profiled by
UHPLC-QToF-MS (positive ion mode). The resultant data was
subjected to a feature-based molecular networking workflow

using MZmine2 (https://mzmine.github.io), hosted through
the online GNPS server (http://gnps.ucsd.edu). The generated
molecular networks were visualized in Cytoscape (v3.7.1).
Following metabolite organization based on MS/MS spectral
similarity, the data were compared to the GNPS molecular
networking library. A total of 134 precursor protonated
molecules were generated and illustrated as nodes in the
molecular map, which included 8 clusters (number of nodes (n)
>2) and 77 single nodes. The results revealed 6 distinct alkaloid
clusters (n > 4) as shown in Figure 1.

GNPS efficiently separated indole alkaloids (clusters A-B)
from oxindole alkaloids (cluster D). Nodes belonging to
precursor protonated molecules with identical m/z values
were annotated as identical structures. This was interpreted to
result from a molecular family consisting of a group of
stereoisomers that formed clusters A, B, and C (Figure 2).
Such stereoisomers often exhibit very similar MS/MS spectra.
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Figure 2. Enlarged view of indole alkaloid clusters obtained from GNPS.
Cluster A: corynantheine-type alkaloids; Cluster B: yohimbine- and
heteroyohimbine-type alkaloids; Cluster C: unknown metabolites.
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Cluster A (Figure 2 and Table 1) was primarily composed of
epimeric indole alkaloids with m/z 367 and 369. Nodes showed
m/z 369.2169 (RT-22.14 min), 369.2161 (RT-23.23 min), and
369.2158 (RT-27.71 min) (Figure 2 and Table 1), which
corresponded to the molecular formula C,,H,,N,0; [M + H]*
and were tentatively identified as corynantheine-type alka-
loids.

Key fragments (protonated) of compounds from Cluster A
(Figure 2) were detected at m/z 337.1900, 253.1644, 238.1404,
226.1415, and 144.0807. Ring cleavage at C-2,3 and N-4, C-§
resulted in the formation of an indole derivative with m/z
144.0807 [C,oH (N]". Similarly, ring cleavage at C-2,3 and C-
5,6 resulted in the formation of a protonated molecule with m/z
226.141S [C,H,(NO,]*. Loss of CoHgN from the protonated
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Table 1. Tentative Alkaloid Identification in Extract Fractions (F1, F2, F4, and F7) by UHPLC-QToF-MS/MS in Positive Ion

ACS Omega
Mode
Mass [M + H]* (Da)
RT Error Molecular

S.No. (min) Detected Calculated (ppm) formula
1 1163 3552020 3552016 112 CpH,N,O;
2 1301 3552013 3552016 —0.84  C,H,N,O;
3 13.57 3552015 3552016  —028  C,HyN,0,
4 13.89 3552008 3552016 —225  CpH,N,Os
5 1425 3552010 3552016 —1.68  C,HyN,0,
6 1437 3572166 3572173 =195  C,HyN,0,
7 1501 3572173 3572173 000  C,HyN,Os
8 1548 3732118 3732122 1.03  C,HyN,0,
9 1602 3831960 3831965 139  ChH,N,O,
10 1659 3711962 3711965 —0.81  CyHyeN,0,
11 1741 3852117 3852122 129  CyHyN,0,
12 1803 3711960 3711965 134  CyH,N,0,
13 1814  399.1914  399.1914 000  CpH,N,04
14 1872 3531865  353.1860 —141  CyH,N,0,
15 2005 4012064  401.2071 174 CpHyN,0
16 2078  353.1861  353.1860 028  CyHyN,0,
17 2188 3672015  367.2016 027  CpHyN,Os
18 2214 3692169 3692173 —108  CyHyN,0s
19 2242 3852124 3852122  —0.51  CyHyN,O,
20 2292 3852130 3852122 207  CyuH,N,O,
21 2323 3692161 3692173 325  CpHyN,Os
22 2530 3672014 3672016 —054  CypuH,N,Os
23 2564 3831960 3831965 —130  C,H,N,O,
24 2676 3852127 3852122 129  CyH,N,O,
25 2771 3692158 3692173 =352 CyHyN,O,

MS/MS

224.1266, 212.1255, 194.1150, 144.0804
224.1296, 212.1282,194.1157, 144.0816
224.1294, 212.1262, 194.1134, 144.0805
224.1263, 212.1265, 194.1148, 144.0801
224.1287, 212.1287, 194.1127, 144.0807
251.1532, 226.1427, 214.1436, 144.0813
251.1525, 226.1430, 214.1406, 144.0811

355.2009, 341.1868, 325.1912, 251.1539, 225.1386,
197.1062, 144.0808

351.1705, 319.1458, 265.13085, 239.1182, 224.1303,
187.0861, 160.0754, 132.0802

353.1850, 335.1751, 321.1605, 223.1216, 197.1047

353.1857,267.1477, 241.1333, 226.1426, 194.1148,
187.0861, 160.0755

353.1859, 335.1724, 321.1579, 223.1206, 197.1062,
156.0783

381.1796, 265.1310, 236.1274, 160.0742, 132.0795

222.1147,210.1115, 190.0863, 178.0858, 144.0811,
117.0699

383.1938, 369.1789, 267.1514, 238.1430, 224.1273,
213.1053, 160.0754

222.1165, 210.1127, 190.0863, 178.0870, 144.0810,
117.0698

335.1762, 251.1525, 236.1262, 224.1259, 144.0802
337.1900, 253.1644, 238.1404, 226.1415, 144.0807
267.1514, 241.1326, 226.1427, 160.0763

367.2012, 353.1852, 251.1542, 225.1378, 197.1063,
184.0988, 156.0803, 144.0804

337.1900, 253.1644, 238.1404, 226.1415, 144.0800
335.1714, 251.1528, 236.1251, 224.1258, 144.0793

365.1842, 351.1708, 249.1370, 223.1212, 197.1060,
184.0985, 156.0791, 144.0795

367.2032, 353.1860, 251.1548, 225.1390, 197.1065,
184.0999, 156.0817, 144.0820, 132.0806

253.1684, 238.1442, 226.1479, 144.0829

Tentative ID
Corynanthine (21)
Yohimbine epimer (24)
Yohimbine epimer (25)
Yohimbine (22)
Rauwolscine (23)
Dihydrositsirikine (16)
Dihydrositsirikine epimer (17)
Dihydrositsirikine N-oxide (18)

Corynoxeine (11)

Yohimbine N-oxide (19)
Isorhynchophylline (9)

Yohimbine N-oxide epimer (20)

Corynantheine pseudoindoxyl
N-oxide (13) or its isomer

Ajmalicine (14)

Dihydrocorynantheine
pseudoindoxyl N-oxide (12) or its
isomer

Ajmalicine epimer (15)

Corynantheine (4)
Corynantheidine (1)
Corynoxine (10)

Corynantheidine N-oxide epimer
()

Corynantheidine epimer (2)
Geissoschizine methyl ether or
corynantheine epimer (S)
Corynantheine N-oxide (8)
Corynantheidine N-oxide (6)

Hirsutine (3)

molecule resulted in m/z 238.1404 [C,3H,,NO;]*. The
presence of a product ion at m/z 253.1644 indicated that
cleavage of the methoxy acrylate moiety could occur via
McLafferty rearrangement (Figure 4A). Based on literature data
and mass fragmentation, these epimeric compounds (Figure 3
and Figures S1—S3) were tentatively identified as corynanthei-
dine (1), corynantheidine epimer (2), and hirsutine (3).*

Additionally, the identity of the latter compound, 3, was
further corroborated by a comparison with the retention time
and fragmentation pattern of the reference standard of hirsutine
(3) (Figure S26). The proposed fragmentation pathway is
shown in Figure 4A.

Additional nodes in Cluster A (Figure 2) yielded a protonated
molecule at m/z 367.2015 [M + H]* (RT-21.88 min) and m/z
367.2014 (RT-25.30 min). The accurate mass measurement
suggested that the elemental composition was C,,H,,N,0; [M
+ HJ*, consisting of two hydrogen atoms less than
corynantheidine. In the MS/MS spectra, characteristic fragment
protonated molecules at m/z 251.1525 [C;H;4N,]*, 236.1262
[C3H gNO,]%, and 224.1259 [C;,H,;{NO;]* were observed,
suggesting the ethyl group at C-20 in corynantheidine had been
substituted with an ethylene group in 4 and § (Figure 3).

However, the retention times of these compounds (Figures S4—
S5) did not correspond to the known retention time of
hirsuteine (26) (Figure S27). Thus, the structures of 4 and §
were tentatively identified as corynantheine and geissoschizine
methyl ether or corynantheine epimer.”*

Compounds 6 and 7 from Cluster G (Figure 1) possessed
protonated molecules at m/z 385.2127 [M + H]* (RT-26.76
min) and 385.2130 [M + H]* (RT-22.92 min)-16 Da more than
that of hirsutine (3). The accurate mass of these protonated
molecules suggested that their elemental composition was
C,,H,sN,0, Key fragments detected were at m/z 367.2032,
353.1860, 251.1548, 225.1390, 197.106S, 184.0999, 156.0817,
144.0820, and 132.0806. An m/z of 353.1860 [Cy,H,N,0,]*
corresponded to a loss of methanol from the pronated molecule.
The ion at m/z 367.2032, resulting from dehydration [M+H—
H,0]*, underwent sequential fragmentation, producing two
distinct product ions: m/z 251.1548 [C;H(N,]* through
McLafferty rearrangement and m/z 184.0999 through retro-
Diels—Alder cleavage (Figure 4B). The MS/MS results
suggested that compound 6 is structurally similar to hirsutine
except for an additional oxygen atom that was attached to N-4 in
6. The retention time values of compounds 6 and 7 did not

https://doi.org/10.1021/acsomega.4c08293
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1R, =p CH,CH;. Ry =a H 6 R =a CH,CH,
2R; =0 CH,CH; Ry=a H 7R =B CH,CH,
3R, =aCH,CH;, R, =B H 8 R = CH=CH,

4R, =B CH=CH,, R, = a H
5R,==CHCH;, R,=aH

14R = o CH;
15R =P CH;

21R, = BCO,Me. R, =B H
22R, = a CO,Me, R, =BH
23R, = BCOMe, R, =aH

Figure 3. Structures of compounds (1—23) from P. johimbe.

16 R = a CO,Me
17 R=p CO,Me

12 R = a CH,CH;
13 R =a CH=CH;

9 R=0 CH,CH;
10 R=p CH,CH;
11 R=q CH=CH,

18 19 R= o CO,Me
20 R= B CO,Me

correspond to the retention time of the hirsutine N-oxide
reference standard (Figures $28-529).>° The structures of
compounds 6 and 7 have been tentatively assigned as
corynantheidine N-oxide (Figure S6) and its epimer (Figure
S$7),and the proposed fragmentation pathway for compound 6 is
depicted in Figure 4B.

Compound 8 in cluster H (Figure 1) generated a protonated
molecule with m/z 383.1960 [M+H]* corresponding to the
molecular formula C,,H,4N,0,. Its MS/MS spectra were similar
to those of compound 6. Key protonated molecules at m/z
365.1842 [M+H—-H,0]", 351.1708 [M+H—CH,OH]*, and
249.1370 [M+H—CH,0,]* were observed, suggesting that the
ethyl group in compound 6 had been substituted with a vinyl
group in compound 8 (Figure S8). Compound 8, which was
observed at 25.64 min, did not correspond to the retention time
of the hirsuteine N-oxide reference standard (Figures S30—
$31).*® Thus, the structure of compound 8 was tentatively
identified as corynantheine N-oxide (or its epimer).

In cluster D (Figure 1), isomeric compounds at m/z 385.2117
(RT-17.41 min) and 385.2124 (RT-22.42 min) were tentatively
identified as isorhynchophylline (9, Figure S9) and corynoxine
(10, Figure S10) or its isomers through the GNPS library and
their specific MS/MS data. Key protonated molecules were
found at m/z 353.1857, 267.1477, 241.1333, 226.1426,
187.0861, 160.0755 (Table 1). The protonated molecule at
m/z 353.1857 [M+H—CH;OH]" possessed the same fragmen-
tation pattern as hirsutine (3); however, the presence of a
carbonyl group adjacent to the nitrogen in the indole group
indicated an oxindole alkaloid rather than an indole alkaloid.
The peak at 267.1477 [M+H-128]" resulted from the loss of a
methoxy acrylate moiety (Figure SA). Indeed, cleavage of the

ring at C-2,3 and N-4, C-S positions yielded an oxindole
fragment detected at m/z 160.0755 [C,(H;(NO*]. The
proposed fragmentation pathway for compound 10 is shown
in Figure SA and Figure S10.

A compound with m/z 383.1960 was tentatively identified as
corynoxeine (11) or its diastereomer, and its MS/MS showed
characteristic fragment ions at m/z 351.1705 [M+H-32],
265.130S [M+H-128]*, and 160.0754 [M+H-225]" (Figure
S11).

Compound 12 generated a protonated molecule with m/z
401.2064 as found in cluster F (Figure 1), corresponding to the
molecular formula C,,H,gN,Os. The key fragment protonated
molecules appeared at m/z 383.1938, 369.1789, 267.1514,
238.1430, 224.1273, 213.1053, 192.0991, 187.087S, and
160.0754. MS/MS results suggested that compound 12 is
structurally similar to corynoxiene or its epimer, except for an
additional oxygen atom that was attached to N-4. Thus, the
structure of 12 was tentatively identified as dihydrocorynan-
theine pseudoindoxyl N-oxide (12 or its epimer) (Figures S12).

Compound 13 fragmented into a protonated molecule with
m/z399.1914 [M + H]" in cluster D (Figure 1), corresponding
to the molecular formula of C,,H,¢N,Os. Its MS/MS spectra are
similar to those of compound 6. Notable fragment protonated
molecules at m/z 381.1796 [M+H—H,0]", 265.1335 [M+H—
CHgO,]" and 236.1274 [M+H—CoH,NO] were observed,
suggesting that the ethyl group in compound 12 had been
substituted with a vinyl group in compound 13 (Table 1 and
Figure S13). Thus, the structure of 13 was tentatively identified
as corynantheine pseudoindoxyl N-oxide (13) or its epimer.

At 18.72 and 20.78 min, MS/MS-spectra-associated chroma-
tographic peaks were observed for a precursor ion with m/z
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Figure 6. Effect of P. johimbe extract and its major alkaloids on the activity of hPXR in HepG2 cells. (A) Extract and fractions 1—4 of P. johimbe, (B)
fractions S—10 of P. johimbe, (C) pure alkaloids, (D) inactive compounds, (E) positive control. The hepatic (HepG2) cells in the logarithmic phase
were transfected with the PXR plasmid and treated with the indicated concentrations of test samples for 24 h. Following incubation, PXR activity was

measured in triplicate.

353.1865 [M + H]". Based on the molecular features, including
fragment ions, these compounds were tentatively identified as
ajmalicine (14) and its epimer (15). Detailed information about
MS/MS fragments for compounds 14 and 15 (Cluster B) is
arranged in Table 1.>> MS/MS analysis of these compounds
revealed significant protonated molecules at m/z 222.1165,
210.1117, 190.0863, 178.0870, 144.0810, 117.0698 (Table 1
and Figures SB, S14—S15). Compound 14 was identified and
characterized by further comparison to the authentic standard of
ajmalicine (Figure S34). The proposed fragmentation pathway
is shown in Figure 5B. The mass spectral data of the reference
standard of ajmalicine N-oxide (29) was compared with mass
spectral data of the extract. While the retention time of
compound 29 matched with the retention time of 1 (RT-22.14),
mass values indicated that 29 was not present in the yohimbe
extract (Figures S35—S36). Similarly, compounds 16 and 17
possessed a m/z 357 (Figures S16—S17). Compounds 16 and
17 were thus tentatively identified as dihydrositsirikine and its
epimer (Table 1).

Compound 18 generated a protonated molecule with m/z
373.2118 [M + H]" in cluster I (Figure 1) consistent with the
molecular formula C, H,sN,0, Since the MS/MS results
suggested that compound 18 is structurally similar to
dihydrositsirikine except for an additional oxygen atom attached
to N-4, the structure of 18 was tentatively identified as
dihydrositsirikine N-oxide (Figure S18).

In cluster B (Figure 2), additional nodes with m/z 355 were
identified as corynanthine (21), yohimbine (22) and its epimers
(24 and 25), and rauwolscine (23), as shown in Figures S21—
S25. These compounds were further verified according to their
chemical standards (Figure $32). In cluster D (Figure 1), nodes

revealed protonated molecules [M + H]* at m/z 371.1962 (RT-
16.59 min) and 371.1960 (RT-18.03 min). Accurate mass
measurement suggested that their elemental composition was
C,H6N,0,, one oxygen atom more than yohimbine. Addi-
tionally, the MS/MS results suggested that compounds 19 and
20 are structurally similar to yohimbine, apart from an additional
oxygen atom bound to N-4 in both 19 and 20. Notably, the
retention time of compound 19 (RT-16.59 min) corresponded
to the retention time of the yohimbine N-oxide reference
standard (Figure $33).” From these results, the structures of
compounds 19 and 20 have been assigned as yohimbine N-oxide
and its epimer, respectively, and the associated proposed
fragmentation pathways are shown in Figures S19 and S20.

In Vitro PXR Activation by Yohimbe Alkaloids. As
identified through the previous steps, P. johimbe contains a
diverse range of phytochemicals, including not only corynan-
theine-, yohimbine-, and heteroyohimbine-type alkaloids but
also oxindole alkaloids. Considering the continued use of P.
johimbe in the herbal supplement industry, the prevalence of
HDIs with botanical natural products, and the lack of scientific
evidence to support the safety of yohimbe, it was deemed
prudent to establish the activities of the identified yohimbe
alkaloids at PXR.

This study investigated the PXR activation potency of
fractions prepared from P. johimbe extract and its pure alkaloids
(Figure 6).

The P. johimbe extract exhibited a dose-dependent PXR
activation, with a maximal 3.66-fold increase at 30 ug/mL.
Similarly, fractions 1—4 exhibited PXR activation at 30 ug/mL,
inducing fold increases of 6.71, 2.75, 2.86, and 2.11, respectively
(Figure 6A). Conversely, fractions 5—10 did not significantly
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Figure 7. Total compound chromatograms of the P. johimbe extract along with corresponding fractions (F1, F2, F4, and F7) in positive ion mode.

activate PXR (Figure 6B), correlating with the absence of indole
alkaloids. These findings suggest that the PXR-activating
compounds (i.e., yohimbe alkaloids) reside in fractions 1—4.

Fraction 1 exhibited the strongest PXR activation, with a
subsequent decrease in potency observed in fractions 2—4,
indicating a concentration gradient of PXR activators.
Subsequent analysis of pure alkaloids revealed that ajmalicine
(14) significantly activated PXR, achieving a 3.21-fold increase
at 30 uM. Additionally, yohimbine (22) and yohimbine N-oxide
(19) demonstrated moderate PXR agonism (2.41- to 2.96-fold;
Figure 6C). Hirsutine N-oxide (27), hirsuteine (26), and
hirsuteine N-oxide (28) also exhibited moderate PXR induction
(Figure 6C) but were not identified in P. johimbe. Among these,
ajmalicine (14), yohimbine (22), and yohimbine N-oxide (19)
exhibited optimal potency at 10 #M and a reduced activity at 30
#M. This suggests a potential for these compounds to interact
with the PXR mechanism, potentially influencing its function
and increasing the risk of HDIs, particularly in chronic disease
states. Conversely, the remaining test compounds, ajmalicine N-
oxide (29) and hirsutine (3) did not affect PXR activity (Figure
6D). Rifampicin, a drug clinically recognized for its PXR
induction, was used as a positive control and showed a 3.65-fold
increase in PXR activity at 10 uM (Figure 6E).

Since the inductive activity at PXR could now be attributed to
a subset of the alkaloids present in P. johimbe, a bioassay-guided
fractionation of the active P. johimbe extract revealed an
enrichment of PXR inducers. As shown in Figure 6A, the fold
activation of PXR decreased as the polarity of the mobile phase

51401

increased. The ethanolic extract had 4-fold induction (Figure 6)
at 30 uM, while fraction 1 exhibited a 7-fold induction under
identical concentration, indicating a 3-fold increase in activity
due to the fractionation process and enrichment of certain
alkaloids. PXR induction gradually decreased from 3-fold to 1-
fold in fractions 2 through 10 (Figure 6A and Figure 6B). In
cluster A (Figure 2 nodes with yellow label) corynantheine (4),
corynantheidine (1), and its diastereomers (RT-22—26 min)
were present in a higher abundance in fraction 1 (Figure 7);
whereas, their abundance gradually decreased in fractions 2, 4,
and 7 (Figure 7).

Ajmalicine (14), corynantheidine N-oxide (6), corynantheine
N-oxide (8), and their epimers were present in higher
abundance in fraction 1 (Figure 1: Clusters B, G, and H),
suggesting that the aforementioned alkaloids may be responsible
for the observed PXR induction.

In Silico Investigation of Yohimbe Alkaloid Agonism
of PXR. To corroborate the in vitro activation findings and to
elucidate potential differential interactions among yohimbe
alkaloids, molecular docking was employed to computationally
characterize the binding conformations, energies, and receptor—
ligand interaction profiles of yohimbine (22) and ajmalicine
(14) at PXR. In recent years, in silico molecular docking has
emerged as a prevalent tool for elucidating protein—ligand
interactions, with successful applications in exploring the
pharmacological potential of natural compounds at various
biologically relevant targets.”®*” Given the expansive ligand-
binding domain of hPXR, induced fit docking (IFD) was
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Figure 8. 3D visualization of IFD results for selected ligands within the PXR ligand-binding domain (LBD). (A) Most energetically favorable poses of
nomilin (violet, ball-and-stick) and yohimbine (22) (red, ball-and-stick); (B) Interaction map between the LBD of PXR and both nomilin (violet, ball-
and-stick) and yohimbine (22) (red, ball-and-stick); (C) Interactionmap between the LBD of PXR and yohimbine (22) (red, ball-and-stick) and (S)-
yohimbine N-oxide (blue, ball-and-stick). Dashed lines represent H-bonding (black), 7-cation (green), and 7— stacking (cyan) interactions between

the ligands and the receptor.

deemed an optimal methodology for modeling ligand binding, as
it enables the prediction of ligand binding conformations in
conjunction with concomitant structural adaptations within the
receptor.38

Given the rigid, planar multicyclic core of yohimbe alkaloids, a
crystal structure of hPXR complexed with a ligand structurally
similar to indole alkaloids was sought from the Protein Data
Bank (PDB) to serve as a suitable receptor model. This
approach diverged from commonly used, more flexible synthetic
and natural PXR agonists. A 2023 study by Fan et al.* identified
nomilin, a citrus limonoid, as a PXR agonist with potency
comparable to the established PXR activators, T0901317 and
rifampicin.””*’ The PXR—nomilin complex (PDB ID: 7YFK)
was thus selected for subsequent IFD simulations with yohimbe
alkaloids. The reliability of the docking protocol was validated
through the redocking of nomilin. To comprehensively assess
potential PXR interactions, both enantiomers of the N-oxide
alkaloids were included in the docking study. IFD results
demonstrated a strong correlation with the in vitro PXR
activation data for yohimbine (22) and ajmalicine (14) along
with their respective N-oxides (Figures 8 and 9 and Figures S37
and S38).

Comparative structural analysis revealed that nomilin and
yohimbine occupied distinct regions within the PXR ligand-
binding domain (Figure 8). Despite their different binding
orientations, both nomilin and yohimbine (22) form critical
interactions with four residues previously highlighted by Fan et
al.”” Notably for the yohimbine analogs, (S)-yohimbine N-oxide
exhibited a unique 7-cation interaction between its charged
nitrogen and F288 of PXR (Figure 8C and Figure 9D).
Comparative analysis of 2D interaction diagrams revealed that
while yohimbine (22) formed H-bonds with three key polar
residues as described by Fan et al. (Figure 9B), (S)-yohimbine
N-oxide formed two H-bonds and a 7-cation interaction at this
site (Figure 9D).* Although yohimbine and its diastereomeric
N-oxide analogs displayed z—z stacking with W299, (R)-
yohimbine N-oxide relied solely on 7— interactions for binding
to PXR (Figure 9C). Quantitative docking scores, including
GlideScore, Glide Emodel, and Gibbs free energy values for each
ligand—receptor complex are provided in Table 2.

B CONCLUSIONS

In summary, molecular networking analysis of the ethanolic
extract and fractions F1—F10 of P. johimbe enabled the

expedited identification of yohimbe alkaloids. By applying
MS/MS molecular networking, the identified alkaloids were
classified into distinct clusters, revealing three oxindole
alkaloids, 14 indole alkaloids, and eight N-oxide indole alkaloids
based on structural similarities and mass spectral features. In
addition, the ethanolic extract and its fractions were evaluated
for PXR inductive activity. Yohimbine (22) and ajmalicine (14)
were distinguished as the potential causative agents of PXR
induction, compared to the activities of their counterparts.
Molecular docking studies provided further insight and revealed
that oxidation of yohimbe constituents to the corresponding N-4
oxides significantly alters the predicted interactions with the
PXR ligand binding domain. Moreover, the presence of a
methoxy acrylate moiety (an open form of E-ring) was
tentatively postulated as a structural feature essential for PXR
inductive potential among the identified yohimbe alkaloids.

B EXPERIMENTAL SECTION

General Experimental Procedures. Chemicals. The
reference standards, yohimbine (22), corynanthine (21),
rauwolscine (23), ajmalicine (14), hirsutine (3), hirsuteine
(26), and rifampicin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The purity of reference standards was >98%.
Acetonitrile, dichloromethane, methanol, ethanol, and formic
acid (HPLC grade) were obtained from Fisher Scientific
(Waltham, MA, USA). DMEM-F12, HEPES, trypsin EDTA,
penicillin-streptomycin solution, and sodium pyruvate were
purchased from GIBCO BRL, Invitrogen Corp. USA. FBS was
purchased from Hyclone Lab Inc. (Utah, USA). Water was
purified using a Millipore Milli-Q system (Bedford, MA, USA).

Plant Material. The dried bark of P. johimbe was purchased
from a reputable botanical supplier. The rhizome material was
authenticated morphologically and chemically by comparison
with the botanical reference material at the National Center for
Natural Products Research (NCNPR). The commercial bark
sample (#1086) has been deposited as a reference at the
NCNPR’s botanical repository at the University of Mississippi
(University, MS, USA).

Extraction and Isolation. The air-dried P. johimbe bark
(14.56 g) was ground into a fine powder and extracted with 95%
ethanol in an accelerated solvent extraction instrument for 45
min. The extract was concentrated under reduced pressure to
yield a dark brown residue (1.79 g). A portion of this residue
(528 mg) was subjected to flash chromatography using a 25 g
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Figure 9. 2D interaction diagrams of selected ligands within the PXR binding site: (A) nomilin, (B) yohimbine (22), (C) (R)-yohimbine N-oxide, and

(D) (S)-yohimbine N-oxide.

SNAP-KP-Si cartridge with a gradient of dichloromethane-
methanol (100:0 to 0:100) at 20 mL/min to afford 10 fractions
(F1-F10).

Preparation of Yohimbine N-Oxide ."° To a stirred solution
of yohimbine (25 mg, 70.53 umol) in dry dichloromethane (1
mL), a solution of meta-chloroperbenzoic acid (19 mg, 85
umol) in dry dichloromethane (1 mL) was added at —40 °C
under argon atmosphere. After the reaction mixture was stirred
for 4 h, the reaction mixture was poured into a chilled 5%

NaHCO; solution and was extracted with chloroform. The
combined organic layer was washed with brine, dried over
Na,SO,, and evaporated. The residue was separated by SiO,
column chromatography (20% methanol—chloroform) to give
19 (12 mg, 46%) as an amorphous powder. A similar route to
yield all N-oxide alkaloids tested for PXR inductive activity is
provided in Scheme S1.

"H NMR (400 MHz, Methanol-d,) § 7.44 (d, ] = 7.8 Hz, 1H),
7.33 (dd, ] = 8.0,0.9 Hz, 1H), 7.09 (t, ] = 7.4 Hz, 1H), 7.02 (ddd,
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Table 2. Calculated IFD Scores (Glide Score and Glide
Emodel) and Binding Free Energies for PXR Ligands

Glide Score  Glide Emodel Gibbs Free Ener;
Compound (kcal/mol) (kcal/mol) (AG) (kcal/mol
Nomilin —12.02 —97.82 —84.91
(control)
Yohimbine (22) —12.08 —82.64 —70.54
(R)-Yohimbine —10.61 —65.26 —61.19
N-oxide
(S)-Yohimbine —12.61 —92.98 -73.15
N-oxide
Avg. Yohimbine —11.61 —=79.12 —67.17
N-oxide
Ajmalicine (14) —9.62 —79.60 —7021
(R)-Ajmalicine —9.49 —79.28 —65.65
N-oxide
(S)-Ajmalicine —11.16 —84.94 —69.66
N-oxide
Avg. Ajmalicine —10.33 —82.11 —67.66
N-oxide

J=8.0,7.1,1.1 Hz, 1H), 4.71 (brs, 1H), 4.29 (q, ] = 2.8 Hz, 1H),
3.78 (s, 3H), 3.73—3.63 (m, 1H), 3.60—3.52 (m, 1H), 3.38 (s,
1H),3.25 (s,2H), 2.89 (d, ] = 15.8 Hz, 1H), 2.52—2.45 (m, 1H),
2.45-2.37 (m, 1H), 2.30 (s, 1H), 2.14 (d, J = 11.1 Hz, 1H), 1.96
(dt,J=13.7,3.2 Hz, 1H), 1.85 (q,J = 12.4, 10.7 Hz, 1H), 1.72 (t,
J=13.6 Hz, 1H), 1.63—1.49 (m, 1H), 1.38 (d, ] = 12.7 Hz, 1H).

LC-QToF-MS. The Agilent Series 1290 LC system (Santa
Clara, CA, USA) used in analysis of the yohimbe samples was
composed of the following modular components: a binary
pump, a vacuum solvent microdegasser, an autosampler with 2 X
S4-well tray, and a thermostatically controlled column compart-
ment. Separation was achieved on an Agilent Poroshell C18 (2.1
X 150 mm, 2.7 um) column. The mobile phase consisted of
water with 0.1% formic acid (A) and acetonitrile with 0.1%
formic acid (B) at a flow rate of 0.2 mL/min. Initial conditions
consisted of a gradient elution of 10% B; 25 min, 33% B; 30 min,
100% B followed by column wash using 100% B in 5 min. One
microliter of the sample was then injected. The column
temperature was set to 40 °C. The MS analysis was performed
with a QToF-MS/MS (Model #G6530A, Agilent Technologies,
Santa Clara, CA, USA) equipped with an ESI source with Jet
Stream technology using the following parameters: drying gas
(N,) flow rate, 13 L/min; drying gas temperature, 270 °C;
nebulizer, 27 psi; sheath gas temperature, 300 °C; sheath gas
flow, 11 L/min; capillary, 3500 V; skimmer, 60 V; Oct RF V, 750
V; and fragmentor voltage, 150 V. The acquisition was
controlled by Agilent MassHunter Acquisition Software
vA.05.01, and the data were processed with MassHunter
Qualitative software vB.07.00. Standards were analyzed using
targeted MS/MS where the quadrupole was set to an isolation
width of 1.3 m/z for the precursor of each standard. MS/MS
spectra were collected with collision offset voltages of 0, 10, 20,
30, and 40 V. Accurate mass measurements were obtained by
means of reference ion correction using reference masses at m/z
121.0509 (protonated purine) and 922.0098 (protonated
hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine or HP-
921) in positive ion mode.

P. johimbe extract and fractions (concentration 2 mg/mL)
were analyzed using an optimized data-dependent acquisition
mode consisting of a full MS survey scan in the 100—1700 Da
range (scan time:100 ms) followed by an MS/MS scan for the
three most intense ions. The collision energy was applied over a
gradient from 20 to 80 V.

Molecular Networking Analysis. The molecular network was
created using the GNPS platform (https://gnps.ucsd.edu) with
reliability enhanced by data preprocessing using MZmine 2.30
software.*' Data were first converted to.mzML format with MS-
convert. The .mzML files were imported into MZmine 2.30.
Mass detection was achieved with noise levels of 1000 (MS) and
100 (MS/MS). The chromatograms were built from ions with a
minimum time span of 0.01 min, a minimum height of 0, and a
m/z tolerance of 0.001 (5.0 ppm). Chromatographic
deconvolution was performed by a baseline cutoft algorithm
with the following parameters: minimum peak height of 200,
peak duration range of 0 to 10 min, and baseline level of 50.
Chromatograms were deisotoped using the isotopic peaks
grouper algorithm with an m/z tolerance of 0.001 (5.0 ppm) and
retention time tolerance of 0.1 min. A duplicated peak filter was
applied with a m/z tolerance of 0.001 (or 5.0 ppm) and RT
tolerance of 0.1 min. Join alignment was performed with a m/z
tolerance 0.001 (5.0 ppm). A peak row filter was applied with a
m/z to all processed peak list within the m/z 300—400 range.
Only peaks with the MS2 scan (GNPS) were retained, and the
peak number IDs were reset. Finally, the aligned peak list was
exported as a.mgf file for GNPS from which spectral data were
uploaded to the GNPS molecular networking platform (https://
gnps.ucsd.edu).”” A network was then created where edges were
filtered to have a cosine score of >0.7 and more than six matched
peaks. Edges between two nodes were kept in the network if
each node appeared in the other’s respective top 10 most similar
nodes. The spectra in the network were then searched against
the GNPS spectral libraries. All matches kept between network
spectra and library spectra were required to be above 0.7 and
maintain at least four matched peaks. The output was visualized
using Cytoscape 3.7.1 software.*’ The GNPS job parameters
and resulting data are available at the following address:
(https://gnps.ucsd.edu/ProteoSAFe/status.jsp?taskz
20c7d155f6404fd89159445b04btb34e).

Cell Culture and Treatment. Human hepatocellular
carcinoma cell line (HepG2) was obtained from the American
Type Culture Collection (ATCC) and maintained and cultured
in DMEM/F12 medium supplemented with 10% FBS, 2.4 g/L
sodium bicarbonate, 100 yg/mL streptomycin, and 100 units/
mL penicillin. Cells were grown at 37 °C in a 5% CO,
environment with 98% relative humidity. The stocks of extract
(20 mg/mL), pure phytochemicals (10 mM), and positive
control (10 mM) were prepared in DMSO and stored at 4 °C in
a refrigerator.

Reporter Gene Assay for PXR Activation. For examination of
PXR activation, HepG2 cells were transfected with pSGS-hPXR
(25 ug), and PCR-S (25 pig) plasmid by electroporation at 180 V
(1 pulse for 70 m sec). Cells were incubated for 8 min at room
temperature in a biosafety cabinet and floating dead cells were
removed. The remaining cells were suspended in DMEM/F12
medium and seeded in 96-well plates at a density of 50,000 cells
per well. After reaching 70 to 90% confluency, cells were
incubated with increasing concentrations of extract, fractions
(0.12,0.37 1.13, 3.33, 10, and 30 pg/mL), pure phytochemicals
(0.12, 0.37 1.13, 3.33, 10, and 30, #uM), and positive control
(rifampicin; 0.6, 0.12, 0.37, 1.11, 3.33, and 10 uM) for 24 h.
Next, the culture medium was aspirated, and 40 uL luciferase
reagent (Promega Corporation, USA) was added to each well.
Luminescence was measured using a SpectraMax MS$
fluorescence plate reader (Molecular Devices, USA), and the
fold increase in luciferase activity among sample-treated cells
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was calculated compared with the vehicle-treated (DMSO)
cells.**

In Silico Molecular Docking. Ligands and Receptor
Preparation. The recently released X-ray structure of PXR
cocrystallized with the specific agonist nomilin (PDB ID: 7YFK)
was retrieved from PDB.”” The Schrodinger Maestro platform
(version 12.8) with its integrated Protein Preparation Wizard
was used to process the PXR protein structure.*”*® This
involved optimization and refinement for molecular docking.
The protein receptor was preprocessed at a pH of 7.4 & 2.0, and
missing side chains and loops were filled in with Prime.*’~* H-
bonds were also assigned at a pH of 7.4. Additionally, all ligands
to be docked were conformationally optimized with the LigPrep
module, again at a pH of 7.4 + 2.0.°° In both the protein and
ligand preparation steps, the OPLS4 force field was applied.”!

Induced Fit Molecular Docking. Since the IFD protocol
developed by Schrodinger simultaneously incorporates Glide
and Prime to predict conformational changes of both the ligands
and the receptor upon binding, it can accurately model active
sites of complex receptors such as PXR (www.schrodinger.
com).””™* The standard protocol to generate up to 20 poses
was selected for the IFD method. Using the published position
of nomilin bound to PXR, the receptor box center was
positioned on the centroid of nomilin in the structure from
PDB ID: 7YFK.” No constraints were placed on the docking
method. The conformational sampling of the protocol was set to
dock the ligands rigidly and sample ring conformations within a
window of 2.5 kcal/mol. Additionally, the side chains of the
receptor were trimmed and optimized. Finally, the Glide
method allowed for redocking into structures within 15.0
kcal/mol of the best structure and within the top 20 structures
overall at extra precision.”* " Previous redocking protocols
have been demonstrated to produce similar crystallographic
poses of ligands from other PXR crystal structures.®’

The best poses of each ligand were selected based on
GlideScores and Glide Emodels for the ligand—receptor
complexes. The Glide Emodel score was used to select the
most favorable pose among multiple poses for each ligand.
Following prioritization of the optimal poses for the yohimbe
alkaloids, Prime MM-GBSA calculations were carried out with
the OPLS4 force field in the VSGB solvation model.*””’
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