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Norditerpenoid alkaloids (NDA), typically N-ethylpiperidine containing C19 or C18 natural product
diterpenes, are hexacycles with several contiguous often oxygenated stereocentres. As a function of
their structural complexity, they display important pharmacological activities. The processed plants are
used as important folk drugs and four NDAs have now been clinically approved. Many metabolism
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1 Introduction to norditerpenoid
alkaloids (NDA)

The majority of norditerpenoid alkaloids (NDA, C;g- or Cyo-
diterpenoid alkaloids) are isolated from the genera Aconitum
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and Delphinium (larkspur), Consolida, and Spirea," and the
whole plants are lethal, e.g., Delphinium has been extensively
reported as responsible for poisoning livestock in North
America leading to financial losses.”? NDA display important
pharmacological activities. Especially, they have been used as
insecticides for two thousand years. At the time of the eruption
of Mount Vesuvius covering Pompeii and Herculaneum, Pliny
the Elder reported: Delphinium seeds, pounded and extracted
into wine (ethanol), rid the head and body of lice.> Delphinium
seeds were even reportedly issued to British soldiers at the
battle of Waterloo (still for the treatment of body lice).* There-
fore, if the NDA dose is appropriately adjusted, it is of no
surprise that they have been known to be widely used as folk
medicines, not least earning the trivial (?) name Wolf's bane,
but perhaps more accurate is the descriptive name Monkshood.
They are deadly poisons to mammals, even on simple handling
if the skin is broken, e.g., if it has been scratched.

NDA have a complex highly oxygenated hexacyclic structure
(Fig. 1A),>® A/B/C/D/E/F rings are 6/7/5/6/6/5-membered rings
respectively. The substituent at position 14 is commonly drawn
going under the C15-C16 C-C bond, but our single-crystal X-ray
diffraction (SXRD) data show that in reality it lies above that
bond (Fig. 1C), although it is in the a-orientation.” Also, the C7
substituent in the lycoctonine-type NDA is usually assigned in the
B-orientation while the SXRD shows that it cannot be axially -
orientated like C6 and C8 substituents, but it is equatorial B-
orientated and it is better to draw it in the plane of the paper
(Fig. 1).° This attention to molecular detail is important when
considering the drug-like physical and chemical properties of such

This journal is © The Royal Society of Chemistry 2022
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molecules and their binding modes at their target receptors and
ion channels as conformation is an important determinant of
biological activity.

2 Missing links in NDA biosynthesis

The biosynthesis of C19 and C18 NDA starts from the precursor
isopentenyl pyrophosphate (IPP) which is produced from the
mevalonate and the methylerythritol (MEP) pathways (Fig. 2).
Allylic isomerisation converts IPP into dimethylallyl PP (DMAPP)
by isopentenyl diphosphate isomerase (IPP isomerase). Ger-
anylgeranyl pyrophosphate synthase converts DMAPP with 3 IPP
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units into geranylgeranyl pyrophosphate and then ent¢-copalyl
diphosphate is produced from GGPP by ent-copalyl diphosphate
synthase. ent-Cpp is further cyclised to ent-kaurane, which leads
into veatchine- and napelline-type alkaloids, and ent-atisane
which leads into atisine- and denudatine-type alkaloids. ent-
Kaurane and ent-atisane are the only two precursors for the C19
and C18 NDA biosynthesis. ent-Kaurene synthase mediates the
conversion of ent-cpp into ent-kaurene and then ent-kaurenal is
produced from ent-kaurene by ent-kaurene oxidase (KO,
CYP701A)." Amination by r-serine aminotransferase happens to
ent-kaurane-type to produce veatchine-type which rearrange to
napelline-type. While 1-serine aminotransferase amination of ent-
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Fig. 1

atisane-type results in atisine-type which
denudatine-type diterpenoid alkaloids.’

The production of ent-atisane and ent-atisanal from ent-cpp
remains unclear. There could be rearrangement between ati-
sine- and veatchine types and between denudatine- and napel-
line types, but there is no clear evidence for this. The wide
distribution of denudatine- and napelline NDA in Aconitum
species supports their position in the biosynthesis of C19 aco-
nitine type NDA. The C19 lycoctonine type NDA are likely to be
formed from protoaconine type rather than by the direct rear-
rangement of the atisine type.” In addition, the high occurrence
of ajaconine in Delphinium species supports the idea that it
could be the most important precursor of the lycoctonine type,”
where scientific results are still missing. The rearrangement of
C20 DA to C19 NDA happens through oxidative cleavage (loss of
the exo-methylene) and the latter can undergo oxidative loss of
one carbon by a different mechanism to generate the C18 NDA
(Fig. 2).%” The loss of the C-18 carbon atom from C-4 may indeed
follow the established pathway for the removal of one or two
methyl groups at C-4o. in ergosterol (ERG) catalysed sequentially
by the enzymes ERG25/26/27.

rearranged to

3 Medicinal applications of Aconitum
and Delphinium in current TCM

Clinical applications of Aconitum in traditional medicinal
systems are found worldwide, particularly in Eurasia.® In
Table 1 are highlighted some Traditional Chinese Medicine
(TCM) uses.”*> The key processes for the raw dried main roots of
A. carmichaelli Debx. and A. kusnezoffii Reichb. are boiling in
water or steaming (usually known as Pao’Zhi), and then slicing.
The slices are boiled again thus detoxifying to obtain the
decoction, or mixed with excipients, e.g., honey pills for oral
use, which are used clinically as an oral analgesic for rheuma-
tism, joint pain, and several other different pains.

In TCM, there are many formulae which are mixtures of
Aconitum with other plants. Si'ni decoction is an official formula
in the Chinese Pharmacopoeia used as a tonic. Si'ni decoction is
composed of the processed side-root of A. carmichaelii (fu'zi),
Glycyrrhiza uralensis, and Zingiber officinalis. The diester NDA
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(A) The NDA numbering system; (B) mesaconitine (1); (C) SXRD data of mesaconitine (1).

are hydrolysed during the decoction process to afford the
monoester NDA (vide infra 5.2 where metabolism is discussed).

The medicinal application of Delphinium is popular in the
Unani medicine system, a traditional medicinal system applied
across nearly the whole of South and Central Asia, particularly
in India and Pakistan. The species D. denudatum Wall, known as
Jadwar, has even been described as one of the most important
drugs in the Unani medicine system. Its roots are reported to be
used for the treatment of aconite poisoning, brain diseases,
fungal infection, piles, and toothache.*®

4 NDA in current medicine and their
structure—activity relationship (SAR)
studies

Despite their similar sounding trivial names and being based
on the same hexacyclic skeleton, many NDA do not have the
same oxygen substitution pattern and this structural change
may be one of the reasons for their different pharmacological
properties.

4.1 Aconitine type

Mesaconitine (1), aconitine (2), and hypaconitine (3)** (Fig. 3)
are cardiotoxins,''® interacting with cardiac voltage-sensitive
sodium channels (VSSCs) and maintaining them in an open
conformation,**”*® introducing arrhythmia,*** whereby these
alkaloids are highly toxic, e.g,, LDs, (aconitine 2, mice,
subcutaneous, mg kg™') = 0.12-0.20.7%* The potent, indeed
lethal cardiotoxin aconitine (2) was first discovered in 1833 by
P. L. Geiger from A. napellus.?>** These NDA (1-3) act at VSSCs in
the central nervous system (CNS) and muscle tissues exhibiting
analgesic activity.> The NDA (1-3) with 8-OAc or other fatty acid
ester sidechains are also known as lipo-alkaloids.?® The primary
functional subunit of VSSCs is the a-subunit, and this subunit
contains four domains (I-IV). There are at least five reported
toxin binding sites on domain I, and the lipophilic NDA, e.g.,
mesaconitine (1) and aconitine (2) that carry ester groups 8-OAc
and 14-OBz, can bind on the neurotoxin receptor 2 that is
located in the transmembrane region, and this binding leads to

This journal is © The Royal Society of Chemistry 2022
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Table 1 Medicinal applications of Aconitum and Delphinium in TCM

Plant material Use Ref.

Aconitum root (tuber) Anti-theumatic and analgesic 9

No specific species was mentioned

A. carmichaelli Debx.

Dry main root (Chuan'wu) Normally use after processing as analgesic 10

Processed main root (Zhi‘chuan'wu) Normally used as decoction, as anti-rheumatic and analgesic for joint pain 10

Processed side root (Fu'zi) Normally used as decoction, as analgesic and tonic 10

A. kusnezoffii Reichb.

Dry main root (Cao'wu) Normally use after processing as analgesic 10
Tincture used externally as anti-rheumatic 11

Processed main root (Zhi‘cao’'wu) Normally used as decoction, as anti-rheumatic and analgesic for joint pain 10

Dry leaves (Cao‘wu’ye) Normally used as round pills, used as anti-inflammatory antipyretics, and analgesic; 10
Clinically used for abdominal pain, diarrhoea, headache, and toothache

A. tanguticum (Maxim.) Stapf. and A. naviculare (Bruhl.) Stapf.

Dry whole plant (Tang‘gu’te Wu'tou) Used as anti-inflammatory, antipyretic, and wound-healing-promoting agent 12

Clinically used for fever, hepatitis, cholecystitis, gastritis, skin ulcers and sores, and for bites (by insects,

snakes etc.)

A. flavum Hand.-Mazz. and A. pendulum Busch.

Processed main root (Tie‘bang’chui) Used as anti-inflammatory, analgesic, and sedation 12
Clinically used for skin ulcers and sores, leprosy, and mania

Dry seedlings (seedlings of
Tie‘bang’chui)

D. kamaonense Huth var. glabrescens (W. T. Wang) W. T. Wang
Dry above-ground parts
(Zhan‘mao’cui'que)

VSSCs remaining in the open-state.*® The boiling process in the
preparation of Aconitum roots hydrolyses the highly toxic diester
NDA, e.g., aconitine 2 to less toxic monoester NDA, e.g., 14-OBz-
aconine 4. Structure-activity relationship (SAR) studies show
that further hydrolysis produces alkaloids lacking an ester
group and which are even less toxic, e.g., aconine 5, but the
analgesic activities are also lost."”'®*” When the NDA bear
different oxygenated substituents, e.g. 3-O-acetylaconitine (6)
and crassicauline A (7, also known as bulleyaconitine A), they
may interact with the different subdomains on the a-subunit
and this results in decreased toxicity as evidenced by LDs,
(mice; subcutaneous; mg kg™ ') = 0.87-1.40 and 0.92, respec-
tively.’”**** These NDA (6, 7) exhibit non-addictive potent
analgesic activity EDs, (mice; hotplate; mg kg™') = 0.16 and
0.087, respectively. Although the clinical use of the lipo-
alkaloids as diester (crassicauline A, 7) or even triesters (3-O-
acetylaconitine 6) is debatable as they are toxic,"” 3-O-acetyla-
conitine (6) and crassicauline A (7) were introduced in the 1980s
into clinical use in China as analgesic agents for long-term
treatment.>*°

4.2 Lappaconitine type

Lappaconitine (8), the first C18 NDA to be reported, was iso-
lated from A. septentrionale Koelle by H. V. Rosendahl in
1895.%* The most successful medical application of an NDA to
date is Allapinin, the hydrobromide salt of lappaconitine (8) as
it is a VSSC blocker.'”*>>* It has been used clinically in Russia

464 | Nat. Prod. Rep., 2022, 39, 460-473

Used as anti-inflammatory, antipyretic, and analgesic 12
Clinically used for fever, ‘flu, skin ulcers, and sores

Used as anti-inflammatory and analgesic 12
Clinically used for diarrhoea and dysentery, also externally used on skin ulcers and sores

since 1987 as an anti-arrhythmic drug.***° This compound
also shows a potent non-addictive analgesic property, and
recent studies reported that this bioactivity is related to
a decrease of expression and sensitisation of the P2X; recep-
tors on mice dorsal root ganglion (DRG) neurons.**** A natu-
rally occurring analogue of lappaconitine (8), puberanidine (9,
N-deacetyllappaconitine), exhibits similar biological activities.
Indeed, it is an N-deacetyl metabolite of lappaconitine (8)
found in the urine of certain drug users.*” Toxicity studies on
these two compounds revealed that their LDs, (mice;
subcutaneous; mg kg™') were 11.7 and 36.4, respectively
which, due to their lower toxicity, are significantly higher than
that of aconitine (2) given above (mice, subcutaneous, mg kg ™"
= 0.12-0.20)."?* Structurally, lappaconitine (8) and puber-
anidine (9) are monoesters and they have a smaller chance to
bind to neurotoxin receptor 2 in the transmembrane region in
comparison with more lipophilic aconitine (2), thus, these
compounds are less toxic. When these NDA lack lipophilic
ester groups, their (toxic) activities on VSSCs are less, whereas
the analgesic effects on the CNS remain, e.g., as demonstrated
by lappaconine (10).**

4.3 Lycoctonine type

Lycoctonine (14) (Fig. 4) was first reported in 1865 isolated from
A. lycoctonum L.** and lycaconitine (15) was first reported in
1884 also from A. lycoctonum L.** Methyllycaconitine (MLA, 11)
was first reported by Manske in 1938 from D. brownii Rydb.** In

This journal is © The Royal Society of Chemistry 2022
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R = Me, mesaconitine (1)
R = Et, aconitine (2)

hypaconitine (3)
(3-deoxymesaconitine)

SXRD of hypaconitine (3)

R = Ac, lappaconitine (8)
R = H, puberanidine (9)
(N-deacetyllappaconitine)

14-OBz-aconine (4)

crassicauline A (7)
(bulleyaconitine A)

SXRD of lappaconitine (8)

aconine (5)

OMe

OMe

moQ

lappaconine (10)

Fig. 3 Mesaconitine (1), aconitine (2), hypaconitine (3), and their related NDA. SXRD of hypaconitine (3) is reprinted with permission from ref. 14.

Copyright 2012 ACS.

1943, Goodson reported its exact formula (Fig. 3).*° MLA (11) is
one of the most potent competitive antagonists of o.7-nicotinic
acetylcholine receptors (nAChRs)* with highly selective target-
ing of the snake venom toxin a-bungarotoxin («-BgTx) binding
sites.*®*

A rare pharmaceutical preparation of MLA (11), mellictin,
has been reported in clinical use for the treatment of Parkin-
son's disease and cerebral palsy at least in Uzbekistan and
Kyrgyzstan.* The 2S-(methylsuccinimido)benzoate moiety was
the key for this compound to exhibit high affinity. Compared
with MLA (11) IC5o = 7.6 + 3.4 x 10~ ° M (mice brain neuronal
o7 nAChR), the IC5, of lycaconitine (12) on @7 nAChR was 6.8 +

This journal is © The Royal Society of Chemistry 2022

0.9 x 107°® M as the methyl group on the succinimide is
removed, significantly lowering affinity. The ICs, of inuline (13)
is similarly modest 1.6 + 0.6 x 10~ ° M due to the removal of the
essential methylsuccinimide group. When the entire (methyl-
succinimido)benzoate ester is cleaved, the affinity of lycocto-
nine (14, which is also known as royline and delsine®) has
sharply decreased, the IC5, increasing through the uM range to
1.0 + 0.1 x 10> M, which indicates that this neopentyl alcohol
derived from MLA (11) has essentially lost all affinity for the o7
nAChR.* For NDA substituted with 18-O-2S-(methylsuccinimido)
benzoates, e.g, nudicauline (16) and elatine (17), their ICs,
remained at the nM level as MLA (11), 1.7 £+ 0.7 x 10"° M and

Nat. Prod. Rep., 2022, 39, 460-473 | 465
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inuline (13)

nudicauline (15)

elatine (16)

Fig. 4 MLA (11), related NDAs, and their semisynthetic analogues.

6.1 + 1.5 x 10~° M, respectively. Also, Carroll and co-workers re-
ported that stereochemical modification on the succinimide ring
of MLA (11), e.g., changing the chirality of the succinimide methine
substituted with a methyl from S to R decreases the affinity for a7
nAChR, e.g., semisynthetic analogues (17-19).%

The pharmacophore in MLA (11)** for nAChR incorporates the
key distance between the N-atom of the piperidine E-ring (ring
labelling see Fig. 1) and the ester carbonyl of 18-O-25-(methyl-
succinimido)benzoate. Aconitine (2) contains no such distance and
therefore it shows only modest affinity for nAChR. However, after
the 3-OH and the O-methyl of 18-OMe were specifically removed
chemically and then 2S-(methylsuccinimido)benzoic acid was
esterified with the unmasked 18-neopentyl alcohol, the product 3-
deoxy-18-O-demethyl[2S-(methylsuccinimido) benzoate]aconitine
(20) exhibited high affinity for &7 nAChR at the same (low) nM level
as that of MLA (11).%

The complex structure of such hexacyclic NDA secondary
metabolites make them potential drugs, at an appropriate dose,

466 | Nat. Prod. Rep., 2022, 39, 460-473
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SXRD of lycoctonine (14)

semisynthetic analogues of MLA (11):
(17) Ry=H,R,=Me, R3=H
(18) Ry =Me, R, =Me, R3=H
(19) Ry =Me, R; =H, Rz = Me

3-deoxy-18-O-demethyl[2S-
(methylsuccinimido)benzoate]
aconitine (20)

rather than toxins. Their biophysical properties show that they
are well absorbed in mammals and therefore they possess good
properties for orally delivered human medicines leading to
good distribution in the body. NDA are therefore prime candi-
dates for aspects of computational drug design and develop-
ment, starting from natural product leads (from sustainable
sources) and progressing in particular using computers to
assess the (bio)physical properties and data sets, e.g., Aconitum
and Delphinium alkaloids: “Drug-likeness” descriptors related
to toxic mode of action.** Such QSAR studies of large datasets of
NDA aim to discriminate between “drugs” and “non-drugs”.
These calculations have been proven to give reliable results on
specific NDA as to whether they are more likely to be a poison or
a drug. Rasulev and co-workers constructed QSAR models with
“drug-likeness” descriptors discussed in terms of the mode of
toxic action exhibited by the selected set of 95 NDA.** The
antiarrhythmic NDA, e.g. lappaconitine (8), the curare-like NDA,
e.g. MLA (11), and aconitine-like NDA were studied using

This journal is © The Royal Society of Chemistry 2022
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a range of typical “drug-likeness” descriptors. The molecular
size descriptors (differences in positive and negative regression
terms of MWt and Ghose-Grippen molar refractivity, MR) were
identified as those most related to toxic mode of action.
Preliminary theoretical absorption, distribution, metabolism,
and excretion (ADME) properties of the NDA gave promising
data. However, NDA showing the higher desirable therapeutic
activity are still those of high toxicity. Dose remains crucial and
therefore further pharmacological studies should be carried
out.

4.4 Delphinium (larkspur) toxicity

Larkspur toxicity varies as a function of, e.g., species, stage of
growth, plant part, environment, and the individual NDA.*
There are many important structural features contributing to
the toxicity of larkspur NDA. The ionized nitrogen plays a major
role in the interaction with nAChR. The ester moiety in MLA-
type (methylsuccinimidoanthranoyl lycoctonine, MSAL) plays
an important role in neuromuscular blockade (at @1 nAChR). In
addition, a C14 substituent has a profound biological effect.
This important functionality was reported in many studies
which established that the electronic or the stereochemical
factors of the C14 substituent affect the affinity for nAChR. The
order of activity at C14 was determined to be acetate > hydroxyl
> methoxy > carbonyl (C=0). In contrast, the observed effect of
substituents at C1 and C16 is: methoxy > hydroxyl > acetate. The
opposite biological effects are caused by substituents at C1 and
C16, and C14.55%

Livestock intoxication by larkspur is a function of the cattle
breed and their genetics also affect the susceptibility to the
intoxication. Age is another factor where young heifers are more
susceptible than mature cows. Cattle sex is also important.
Heifers are more prone to the toxicity than steers and bulls. Of
course, the plant plays an important role where the MSAL and
non-MSAL alkaloid concentration and composition, which
depend on the population, species, climate, and the year, affect
the cattle toxicity and the amount needed from the plant to
develop clinical signs of toxicity.*~** The 7,8-methylenedioxy-
NDA are the least toxic alkaloids. The lycoctonine-type is twice
as toxic, but is still considered to be of relatively low toxicity. The
MSAL alkaloids, e.g. MLA (11), are 10-times more toxic than any
other tested alkaloid.*® The MSAL alkaloid concentration in tall
larkspur is the major contributor to livestock poisoning. An
investigation of the SAR of NDA toxicity found that 7,8-
methylenedioxy-NDA exacerbates the toxicity of the MSAL
alkaloids. The exact molecular mechanism of this toxicity is not
known, but a possible explanation is that such substituted NDA
can act as co-agonists on nAChR, enhancing the activity at the
receptors.®

5 Metabolism of NDA

As set out above, Aconitum preparations are widely used in TCM
and a few NDA have been clinically approved: 3-O-acetylaconi-
tine (6), crassicauline A (7), lappaconitine (8), and MLA (11). The
metabolism of these alkaloids has been studied extensively in
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Table 2 Metabolism of NDA

NDA Metabolic enzymes Ref.

RLM

Aconitine (2) Major CYP3A 64
Minor CYP1A1/2 64

Crassicauline A (7) Major CYP3A and 2C 67
Minor CYP2D and 67
2E1
Least CYP1A2 67

HLM

Aconite diesters Major CYP3A 68
Minor other CYPs 68

Mesaconitine (1) Major CYP3A4/5 66
Minor CYP2C8/9, 66
2D6

Aconitine (2) Major CYP3A4/5 65
Minor CYP2C8/9, 65
2D6

HIM

Aconite diesters Major CYP3A 68

vitro in cell-free systems (microsomes) (Table 2) and in vivo in
animals and humans.

5.1 Cell-free systems — microsomal studies

Metabolism of aconitine (2) in rat liver microsomes (RLM) was
studied and it was found to be metabolised through hydrolysis,
demethylation, N-deethylation, and dehydrogenation. Several
CYP450 inhibitors were used to determine which isoform was
involved in the metabolism; CYP3A and/or CYP1A1/2 inducers
or inhibitors will affect the metabolism of aconitine (2).*
Metabolic studies using human liver microsomes (HLMs),
where the liver cells were obtained from donors aged between
21-76, showed that the main metabolic pathways are hydrox-
ylation, dehydrogenation, O-demethylation, di-O-demethylation
and/or N-deethylation. CYP3A5 and 2D6 mediate the di-O-
demethylation and the hydroxylation, CYP3A4/5, 2D6, and 2C9
the N-deethylation, and CYP3A4/5 the dehydrogenation.®

Metabolism of mesaconitine (1) using the above HLM ob-
tained from male donors, was found to be conducted mainly
through demethylation, hydroxylation, dehydrogenation, and
demethylation-dehydrogenation. It was found that CYP3A4/5,
2C8, and 2D6 mediated the demethylation pathway; CYP3A4/5
the hydroxylation and dehydrogenation; CYP3A4/5, 2C8/9, and
2D6 the demethylation-dehydrogenation.®®

Metabolism of crassicauline A (bulleyaconitine A, 7) by RLM
results showed that the main metabolic pathways were
hydroxylation, deacetylation, O-demethylation, di-O-demethy-
lation and/or N-deethylation, and deacetylation-dehydration.
CYP3A and 2C mediated all pathways, CYP3A, 2C, and 2D
contributed to the hydroxylation, CYP3A, 2C and 2E1 the
demethylation, CYP3A, 2C, 2D, and 2E1 the N-deethylation,
deacetylation and deacetylation-dehydration.®”

The metabolism of A. carmichaelii Debx. roots' individual
diesters, mesaconitine (1), aconitine (2), and hypaconitine (3),
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and monoesters, benzoylmesaconine, benzoylaconine, and
benzoylhypaconine NDA by HLM and human intestinal micro-
somes (HIM), obtained from mixed gender donors, was studied.
It was found that demethylation and dehydrogenation were the
main metabolic pathways, and N-deethylation was observed in
aconitine (2) and benzoylaconine. Hydroxylation was detected
in mesaconitine (1) and hypaconitine (3). Deoxygenation was
observed in aconitine (2). Subsequent metabolism was observed
in diesters more than monoesters to form, e.g., di-O-demethy-
lated, didehydrogenated, and demethylated-dehydrogenated
metabolites.®® The amount/concentration of HLM metabolites
were higher than HIM metabolites as HLM catalytic capacity is
higher and could be due to other CYPs alongside CYP3A that

Deoxygenation

Oxygenation

Et—

MeO

View Article Online
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could play a role in the metabolism which was reported previ-
ously.®*® Glucuronidation followed phase I metabolism, but no
conjugated metabolites were found in HIM and HLM
incubations.®®

Metabolism of lappaconitine (8) by HLM and RLM showed
that N-deacetylation, hydroxylation, and O-demethylation were
the main metabolic pathways whereas N-deethylation and
hydrolysis contributed to a lesser extent. Subsequent metabo-
lism was observed, and many metabolites of metabolites were
generated from combinations of the previously mentioned
pathways. The O-demethylated metabolites were present in the
order 16-O-demethyl- > 14-O-demethyl- > 1-O-demethyl-

Di-O-demethylation and/or
N-deethylation

Benzoylaconine

Lappaconitine (8)

\J

14-O-Demethy!
N-deacetyllappaconitine

N-Deacetyllappaconitine (9)

Amide
| hydrolysis

16-O-Demethyl
N-deacetyllappaconitine

Fig. 5 Metabolism of aconitine (2)”27¢ and lappaconitine (8)”77° in humans (blue), animals (red), and pathways common in both (green).
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lappaconitine. It was found that HLM metabolism generated
more metabolites than RLM.*

5.2 Animal studies

A study showed that G. uralensis and Z. officinalis enhance the
absorption of A. carmichaelii monoesters and reduce the half-
life by increasing the excretion or speeding up the metabo-
lism of other active compounds.” In vivo metabolic studies of
Si'ni decoction”™ in rats urine showed that hydrolysis and
demethylation were the main metabolic pathways of diterpe-
noid alkaloids.” In vivo study of pure aconitine (2) metabolism
in rats and rabbits stomach showed that the biotransformation
was mainly through oxidation (+16 Da) resulting in hydroxyl-
ation, deoxygenation (—16 Da) in dehydroxylation, O-demethy-
lation (—14 Da), and di-O-demethylation and/or N-deethylation
(—28 Da). Ester exchange at C8 was also observed as some fatty
acyl chains replaced the acetyl moiety to form lipo-aconitines
(Fig. 5). The metabolic profile from rats and rabbits stomach
is similar, but there are fewer metabolites in rats.”

The metabolism of crassicauline A (bulleyaconitine A, 7)
(p-o. and i.v.), which is used clinically in China, has been
studied in rat urine and faeces. The amount recovered
unchanged was higher in the i.v. group compared to that in the
p.o. group.” A hydroxylated metabolite was observed in MS (+16
Da). From the fragmentation analysis, it was concluded that the
hydroxylation was probably at C15 to give deoxyjesaconitine,
but this conclusion requires scientific confirmation.”

Qi-Li-Qiang-Xin (QLQX) is a TCM prescription composed of
eleven herbal medicines, which can interfere with the metabo-
lism of each other. One of them is Radix Aconiti Lateralis which
is also known as fu'zi (the side roots of A. carmichaelii). The
metabolism of QLQX capsules (p.o.) in rats’ plasma, urine, and
faeces was studied. Diester NDA were not detected in the
preparation and the metabolic pathways according to the
metabolites identified mainly in urine and plasma were:
hydrolysis, hydroxylation, methylation, O-demethylation, dehy-
drogenation, and dehydration. In addition, no NDA phase II
metabolites were detected.” Similarly, the pharmacokinetics of
multiple NDA, e.g., mesaconitine, aconitine, hypaconitine, and
benzoylmesaconitine, have been reported following the
administration of the TCM Zhenwu Tang and Radix Aconiti
Lateralis Praeparata extracts to rats with quantitative analysis by
HPLC-MS/MS.”® Likewise, the simultaneous determination and
the pharmacokinetics of six NDA in rat plasma have been re-
ported following the oral administration of Radix Aconiti
extracts.”® The analytical technique of SPE-HPLC-MS/MS is
sensitive and accurate. These results provide a scientific basis
for a metabolism study of Aconitum NDA in humans. Therefore,
they pave the way for studies in to the clinical uses of Aconitum
NDA and its extracts.

The metabolism of lappaconitine (8) HBr (Allapinin) was studied
in rats after iv. administration. Deacetyllappaconitine (9), 14-O-
demethyl-deacetyllappaconitine, and 16-O-demethyl-
deacetyllappaconitine, were detected in rat urine in addition to
unmetabolized drug (8). Their ratiowas 4 : 2 : 3 : 4 respectively after
24 h. As lappaconitine (8) concentration decreased with time,

This journal is © The Royal Society of Chemistry 2022

View Article Online

Natural Product Reports

deacetyllappaconitine (9) increased due to metabolism by N-deace-
tylation. Also, as the amount of deacetyllappaconitine (9) decreased,
14-O-demethyl- and 16-O-demethyl-deacetyllappaconitine increased
(Fig. 5).”7 Another study in rats showed that N-deacetylation, O-
demethylation, and hydroxylation are the main metabolic pathways,
where 16-O-demethyl-deacetyllappaconitine and 5'-OH-
lappaconitine are the major metabolites.*

5.3 Human studies

The metabolism of aconite NDA was studied in the urine of
females who had been given p.o. decoctions of a prescription
consisting of 10 g Cao'wu (processed roots of A. kusnezoffii
Reichb) and 10 g Chuan'wu (processed roots of A. carmichaelii
Debx.). In addition to the parent alkaloids, mesaconitine (1),
aconitine (2), and hypaconitine (3), there were three hydrolysed
metabolites, benzoylmesaconine, benzoylaconine, and ben-
zoylhypaconine, and two O-demethylated metabolites, which
were assigned as 16-O-demethylaconitine and 16-O-deme-
thylhypaconitine” by analogy.”” The monoesters may not only
be derived by metabolism as the processed roots contain
substantial amounts of them.

Lappaconitine (8) metabolism was studied in the urine of
men who had received i.m. injections of lappaconitine (8) HBr
(Allapinin). In addition to the parent alkaloid, N-deace-
tyllappaconitine (9) and 16-O-demethyl-deacetyllappaconitine
were detected (Fig. 5). In 24 h collected urine, the ratio of lap-
paconitine (8), the N-deacetyl, and 16-O-demethyl-
deacetyllappaconitine was 160 :2:1 respectively,” different
from the rat metabolism ratio (i.v. administered).”” The high
ratio of lappaconitine (8) compared to its metabolites is after
i.m. administration which (like i.v.) allows the drug to bypass
the liver, thereby avoiding first-pass (through the liver) metab-
olism. In addition, Allapinin (8 as an HBr salt) is likely to be
more water soluble and potentially rapidly excreted unchanged
in the urine. The amounts of lappaconitine (8) and its metab-
olites detected did not show significant difference upon
potential hydrolysis after incubation (in vitro) with the enzymes
B-glucuronidase and sulfatase. This indicates that conjugation
with glucuronic or (PAPS, the biological equivalent precursor
for) sulfuric acid was not a major metabolic pathway.”

5.4 Metabolic effects on biological activity

The high toxicity of Aconitum alkaloids is due mainly to the
benzoyl ester at C14 and C8 acetate. C1, C6, C16, C18 methoxyl
groups, and C13 hydroxyl also contribute to their toxicity."”**
Hydrolysis of Aconitum alkaloids results in monoester alkaloids
which have lower toxicity. In addition, demethoxylation and
dehydration aid in lowering the toxicity. The formation of lipo-
aconitines in rat and rabbit stomachs” is an important
biotransformation as they show an anti-inflammatory effect
which is variable according to the length and degree of unsa-
turation of the fatty acids.*® The metabolic processes convert
Aconitum alkaloids into more polar metabolites, and conse-
quently their excretion will be promoted and their retention in
the body will be shorter. Such conversion can be considered as
a natural response to reduce the toxicity of these alkaloids.®
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The metabolism of lappaconitine (8) is mainly through
deacetylation to yield N-deacetyllappaconitine (9) which shows
higher biological activity than the parent compound.*® It has
been proposed that lappaconitine (8) does not act directly on
the CNS, but is converted in vivo into the active metabolite N-
deacetyllappaconitine (9),** and the activity can be considered
as a sum of the parent compound and this metabolite.** The
number of metabolites of lappaconitine (8)* was much higher
than of mesaconitine (1), aconitine (2), and hypaconitine (3),*
and the lower toxicity of lappaconitine (8) compared with other
Aconitum alkaloids' can be attributed to this extensive metab-
olism, at least in rats.®® It is obvious that the liver is the main
metabolic site, but the stomach and intestinal metabolism
cannot be ignored as sites of metabolic detoxification.

6 Analysis of NDA

Aconitum alkaloids vary widely in their chemical structures and
substitution patterns as well as being well known for their
bioactivity and toxicity. Naturally occurring analogues with
closely similar structures or positional isomers are widespread
in herbs of the Aconitum genus. It is still challenging to identify
rapidly unknown compounds by MS, especially positional
isomers. MS is also used in the monitoring and detection of
NDA metabolites, often achieved using LC-ESI-MS due to its
sensitivity. It is important to understand the MS fragmentation
of the parent alkaloids as the metabolites follow them in their
fragmentation patterns. The fragmentation ions of aconitine
(2)°*7 and lappaconitine (8)* skeletons (as representative aco-
nitine type and lappaconitine type NDA) show that such NDA
undergo cleavage of the benzoate or acetate ester side chain,
loss of water, and loss of methanol. These fragmentations
involve typically two sequential cleavages of O-methyl ethers
occurring with one or even two dehydration steps, in either
order.

Due to the lack of major MS fragmentations of the NDA skel-
eton, the actual position of the CYP-catalysed metabolic reactions
e.g., O-demethylation, hydroxylation, can be difficult to pinpoint. In
addition, it is difficult in some cases to determine if there is one
metabolic process or a combination of more than one e.g., di-O-
demethylation vs. N-deethylation. In such cases, the MS fragment
analysis can indicate a metabolic position, but it needs to be
confirmed using other analytical techniques.

F. Gao and co-workers continue to report new NDA, most
recently from the roots of A. novoluridum and from the aerial
parts of A. apetalum. The former provided 3 novolunines A, B,
and C where the structures were established using spectral data
analysis.** The latter afforded 5 apetalrines A-E based on N-
acylated 2-aminobenzoyl esters and also structurally identified
following detailed spectral analysis.** Ablajan et al. reported 5
previously undescribed DA, barpuberudine and barpubesines
A-D, and two interesting novel C18 NDA, barpubenines A-B,
isolated from the whole plant of A. barbatum var. puberulum
Ledeb. The possible rearrangement of the C18 NDA structures
led to a discussion of their probable biosynthetic pathway.®* The
global profiling of NDA in A. stapfianum and analysis of the basis
of its use for detoxification of fu'zi has been reported.*® The

470 | Nat. Prod. Rep., 2022, 39, 460-473

View Article Online

Highlight

analysis was performed by UPLC/Q-TOF-(ESI)-MS with frag-
mentation patterns from MS/MS spectra as this is a method of
high sensitivity, selectivity, and analytical speed.®

Our double Mannich route®”*® and the elegant studies of
Brimble and co-workers®*-** afford a rapid and efficient entry to
small molecule NDA analogues, i.e., without completing a total
or even a formal synthesis of lycoctonine (14), inuline (13), or
MLA (11). These studies are an important foundation for the
next phase of this research. The regioselective O-demethylation
of aconitine (2)** has enabled its regioselective anthranoyla-
tion® leading to such NDA analogues and thereby swapping
from the VSSC to the nAChR series of important biological
activities.*® Our studies on deuteriation® led to the tritiation of
the key ligand MLA (11).**°7*® A huge amount of important
pharmacology has been uncovered using this biological tool.

The through-space "H NMR effect of steric compression by
the lone-pair electrons of O- and N-atoms, with an associated
deshielding effect, has been shown in synthetic [3.3.1]oxa- and
azabicycles.” Likewise the relevance of determining the crystal
or solution protonated [3.3.1]azabicycle conformation, true-
boat/true-chair conformation in the crystal lattice, but in solu-
tion the conformation is true-chair/true-chair.”

Moving from bicycles to hexacycles, conformational analyses
have very recently been reported of several pharmacologically
important NDA in crystal and in solution states.'® Indeed,
crystal data of 8 NDA (4 free bases and 4 salts) were obtained, in
which crassicauline A (7), aconitine (2) HCl, and methyl-
lycaconitine (11) HClO, have been reported for the first time
together with the comprehensive 1D/2D NMR spectroscopies of
7 NDA.' The A/E-rings of NDA-free bases exist in twisted-chair/
twisted-chair conformations, with examples of the 'H NMR
effect of steric compression shown in the A-ring. The A/E-rings
of NDA salts adopt boat/chair crystal conformations, as do the
protonated synthetic [3.3.1]azabicycle. However, in aqueous
solutions at physiological pH, this protonated analogue adopts
a true chair/true chair conformation where the NDA salts retain
their twisted boat/twisted chair.'*

>N NMR analysis showed that the >N chemical shift of 1-
OMe NDA increases (electron density decreases) upon proton-
ation® due to H-bonding between 1-OMe and N-H' which
stabilize the twisted boat-twisted chair conformation of the AE
bicycle.!® Such an increase in the "N chemical shift has been
observed in the 1-aOH NDA free bases where ring A adopts
a twisted boat conformation due to intramolecular H-
bonding.>® These results prove that the analysis of the N-
electron density of piperidine containing alkaloids is useful
for solution conformational analysis.

7 Conclusions and future prospects

Although currently studied and, if starting with Pliny the Elder,*
now for 2000 years, research in this area of phytochemistry
continues apace. New C19 and C18 NDA continue to be
discovered and their biosynthesis will be better understood with
analysis at the genetic level. These natural products and their
analogues and semi-synthetic variants exhibit a wide range of
important biological activities. SAR studies have a focus of
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discovering NDA with low toxicity and a wider therapeutic
window. There are many metabolic studies on Aconitum alka-
loids, but to-date none has been reported on Delphinium. NDA
are excellent proving grounds for fundamental aspects of
analytical chemistry.

All of these continuing studies turn out to be based on the
stellar contributions of Professor S. William Pelletier (1924-
2004) who thought deeply and published widely in this impor-
tant research area.
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