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Dipiperamides A, B, and C: bisalkaloids from the white pepper
Piper nigrum inhibiting CYP3A4 activity
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Abstract—Three new bisalkaloids, dipiperamides A, B, and C, were isolated from the white pepper (Piper nigrum L.), along with the known
piperine and piperylin. Dipiperamides A—C inhibited cytochrome P450 (CYP) 3A4 activity. © 2002 Elsevier Science Ltd. All rights

reserved.

1. Introduction

Pepper (Piper nigrum L.) is used as a spice worldwide, and
previously phytochemical studies have revealed 600 con-
stituents classified in various structural categories, such as
terpenes, steroids, lignans, flavones, and alkaloids/amides."
Piperine (1), a main constituent of pepper, displayed a
variety of pharmacological activities, e.g. antifungal,® anti-
diarrhoeal,” antiinflammatory,” as well as 5-lipoxygenase
and cyclooxygenase-1 inhibitory activities.

Cytochrome P450 (CYP) enzymes are heme-containing
monooxygenases and constitute three families, CYPI,
CYP2, and CYP3.” The majority of these enzymes have
been expressed in liver microsomes, and are recognized to
be responsible for drug metabolism, degradation of
xenobiotics, and carcinogenesis. CYPs are also responsible
for the biosynthesis of steroids, lipids, and other secondary
metabolites. In human liver microsomes CYP3A4 is the
most abundant enzyme; approximately 30% of the total
CYP was suggested to be CYP3A4.® Recent investigations
have shown that more than 50% of clinically used drugs are
oxidized by CYP3A4.”' It is reported that concomitant oral
administration of several natural products affect drug
metabolism in humans by inhibiting CYP3A4 activity. In
particular, grapefruit juice is well known to alter the
pharmacokinetics of various drugs, including cyclo-
sporine,''? midazolam," dihydropyridine-type calcium
channel blockelrs,14 and triazolam."”” We have succeeded in
the identification of furocoumarin dimers as specific
CYP3A4 inhibitors.'*""®

Piperine (1) is known to elevate the serum level of drugs'**°
and nutrients?' by inhibiting the metabolism by CYP3A4.%
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During our research on CYP inhibitors from the diet, it was
discovered that a polar fraction from an EtOAc extract of
white pepper showed remarkable activity compared to
piperine (1). Bioassay-monitored purification afforded
three new alkaloids 2—4 whose structures were elucidated
by spectroscopic methods to be piperine/piperylin-derived
bisalkaloids. This paper describes the isolation, structure
elucidation, and CYP inhibitory activity of these alkaloids
(Chart 1).

2. Results and discussion

The white pepper (1.0kg) was refluxed in EtOAc and
acetone. The bioassay-monitored isolation of the combined
extracts by silica gel chromatography afforded piperine (1,
33.0 g) and a more potent fraction. The purification of this
active fraction by a combination of silica gel and ODS
chromatography and reverse-phase HPLC afforded three
new bisalkaloids, dipiperamides A (2, 10.4 mg), B (3,
16.0 mg), and C (4, 4.5 mg), along with the known piperylin
(5,3.0g).2

The EI mass spectrum of alkaloid 2 showed a molecular ion
peak at m/z 570 and the formula of C;3;H3sN,0O¢ was
established by HREIMS. The presence of 19 hydrogens
and 17 carbons shown in the NMR spectra, and an intense
ion peak at m/z 285 (M /2, 100%), suggested the sym-
metrical nature of 2. The 'H and “C NMR data of 2
(Table 1) revealed the presence of a methylenedioxyphenyl
group (C-6-C-11, OCH,0), an «,B3-unsaturated carbonyl
group (C-1-C-3), and a piperidine ring (C-1'-C-6),
which were almost superimposable on those of piperine
(1)* except for two connected methine groups (8y 3.72
(td, /=8.8, 8.3 Hz, H-4) and 3.80 (t, /=8.8 Hz, H-5); &¢
45.2 (d, C-4) and 46.6 (d, C-5)). The E-geometry of the
double bond was substantiated by the coupling constant
(J=15.2 Hz). Interpretation of the COSY and HMBC data
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Chart 1.

indicated that the a,3-unsaturated carbonyl and methylene-
dioxyphenyl units could be connected through the C, unit
(C-4-C-5), which led to the half-unit of the molecule in
which the piperidine ring could be bonded to the carbonyl
carbon (C-1) through formation of an amide linkage. The
multiplicity of H-4 and H-5 implied that 2 contained a
cyclobutane ring (—C-4-C-5-C-4"-C-5"-) with a head-
to-tail (truxillic) structure; a symmetrical dimer of piperine
(1). Alkaloid 3 showed the same molecular formula as 2,
and the '"H and 'C NMR signals were almost super-
imposable on those of 2, except for the upfield shift of
H-4 and H-5. These spectral data suggested that 3 was
also a symmetrical dimer of piperine (1) with the head-to-
tail structure, but having a different stereochemistry. Three
types of possible symmetrical dimers a—c can be deduced
for 2 and 3 as shown in Scheme 1; serious steric hindrance,
however, may be expected in the type ¢, which can be

Table 1. NMR Spectral data for dipiperamides A (2) and B (3) in CDCl;

eliminated. In the NOE difference spectra, a NOE between
H-2 and H-3" was observed for 2 as shown in Fig. 1, but not
for 3, which indicated that the relative stereochemistry of 2
and 3 could be assigned to the types a and b, respectively.
The methine hydrogens H-4 and H-5 of 2 were observed at
lower field compared to 3 (6 3.72 (H-4) and 3.80 (H-5) for
2; 6 3.01 (H-4) and 3.15 (H-5) for 3), which was due to the
greater steric hindrance for the substituents on the cyclo-
butane ring in 2, whereas the methine carbons C-4 and C-5
of 2 resonated at higher field (6 45.2 and 46.6 for 2; 6 50.5
and 48.5 for 3).

The EI mass spectrum of alkaloid 4 exhibited a molecular
ion peak at m/z 556, which matched the formula
C33H36N,04. The 'H and C NMR signals were typical
for piperine (1) and piperylin (5), except for H-2, H-3,
H-2”, and H-3" (C-2, C-3, C-2”, and C-3") (Table 2).

2 3
S J (Hz) ¢ Su J (Hz) Sc
1, 1" 1652's 1649 s
2,2/ 6.11 (2H) d, 15.2 1222d 6.25 (2H) d, 15.1 120.6 d
3, 3" 6.60 (2H) dd, 15.2, 8.3 1435d 7.00 (2H) dd, 15.1, 8.8 145.4d
4, 4" 3.72 (2H) td, 8.8, 8.3 4524 3.01 (2H) q. 88 50.5d
5, 5" 3.80 (2H) 1,88 46.6 d 3.15 (2H) t, 8.8 485d
6, 6" 1335's 1354's
7,7" 6.72 (2H) d, 2.0 108.3%d 6.73 (2H) d 15 107.1d
8, 8" 147.8 s 1479 s
9, 9" 1462 s 1464 s
10, 10" 6.74 (2H) d,7.8 108.2°d 6.74 (2H) d, 7.8 108.3d
11, 11" 6.67 (2H) dd, 7.8, 2.0 1209 d 6.67 (2H) dd,7.8,1.5 119.8d
21, 2 3.26 (4H) brs 46.9 t 3.41 (4H) brs 469t
3,37 1.45* (4H) brs 26.5 t 1.55 (4H) m 25.5%t
4, 4" 1.60 (4H) brs 24.6 t 1.63 (4H) m 24.6t
5, 5" 1.50* (4H) brs 25.5t 1.55 (4H) m 26.6* t
6, 6" 3.50 (4H) br s 43.0't 3.59 (4H) brs 432t
OCH,0x2 5.93 (4H) s 1009 s 5.93 (4H) s 101.0's

# May be interchangeable.
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a b c

Scheme 1.

Figure 1. A NOE correlation observed for dipiperamide A (2).

Extensive 2D experiments led to the presence of two
methylenedioxyphenyl units (A and C), a piperine ring
(B), a piperylin ring (D), and two carbonyl groups in the
molecule (Fig. 2). A COSY spectrum suggested correlations
of 6 3.56 (t, J=8.8 Hz)/6 3.08 (q, /=8.8 Hz)/6 2.97 (q,
J=8.8 Hz)/6 3.58 (t, /=8.8 Hz) assignable to H-2—-H-3—
H-3"-H-2" forming a cyclobutane ring. HMBC cross
peaks H-2/C-4 and C-2”, H-3/C-4, H-4/C-3 and C-37,

Table 2. NMR spectral data for dipiperamide C (4) in CDCl;

6].[ J (HZ) 8(:
1, 1" 170.8 s
170.3 s
2 3.56 t, 8.8 43.6d
2" 3.58 t, 8.8 42.6d
3 3.08 q, 8.8 45.7d
3" 297 q, 8.8 46.5d
4 6.10 dd, 15.4, 8.8 128.6 d
47 6.14 dd, 15.4, 8.8 128.8d
5 6.35 d, 15.4 131.2d
5" 6.37 d, 15.4 130.7d
6, 6" 13143 s
131.38 s
7,7" 6.88 d, 1.5 105.6 d
6.87 d, 1.5 105.5d
8, 8" 148.0 20) s
9,9" 147.13 s
147.08 s
10, 10" 6.72 (2H) d, 8.0 108.3 (2C) d
11, 11" 6.75 dd, 8.0, 1.5 120.9 (2C) d
6.74 dd, 8.0, 1.5
OCH,0x2 5.931 (2H) s 101.0 2C) s
5.928 (2H) s
2/ 3.48 m 459t
3.45 m
3 1.55 (2H) m 26.0" t
4/ 1.65 (2H) m 245t
5 1.55 (2H) m 257"t
6’ 3.69 m 43.2t
3.38 m
2" 3.64 m 46.6" t
3.45 m
3m 1.82 2H) m 243t
4m 1.87 (2H) m 26.8 t
5 3.48 m 46.7" t
3.34 m

* May be interchangeable.

H-5/C-3, H-2"/C-2 and C-4", H-3"/C-4", H-4"/C-3 and
C-3”, H-5"/C-3" implied that the units A and C were bonded
to the cyclobutane ring at C-3 and C-3”. The remaining
units, B and D, and the above unit could be connected
through the carbonyl groups at C-2 and C-2”, respectively
(Fig. 2), which was confirmed by the presence of intense ion
peaks at m/z 271 and 285 corresponding to the subunits of 4
containing pyrrolidine and piperidine rings, respectively.
Thus, the gross structure of 4 was established as shown.
The relative stereochemistry of the cyclobutane ring was
deduced by NOE difference spectra. NOE’s were observed
for H-3/H-2, H-5, and H-4" and H-3"/H-4, H-2", and H-5",
as shown in Fig. 3.

Dipiperamides A—C (2—4) are presumably generated by
[2m+21r] cycloadditions of two molecules of piperine (1)
for 2 and 3, and of 1 and piperylin (5) for 4. Since the
alkaloids (2—-4) are optically inactive, which were
confirmed by the flat CD curves, a cyclization enzyme
may not be involved in the biosynthesis of them. In order
to confirm if the bisalkaloids were artificial products during
the extraction and isolation process, we extracted the white
pepper with acetone at room temperature, followed by the
isolation of the bisalkaloids. The bisalkaloids might be
generated during the process of producing white pepper,
in which the seeds of P. nigrum was soaked in water and
dried in the sun. This was supported by the report that
piplartine-dimer A, isolated from Piper tuberculatum, was
generated by irradiation of piplartine with sunlight.23
Although five bisalkaloids have been previously isolated
from Piper sp.,”"*> 2—4 are the first pepper bisalkaloids
showing significant biological activity.
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Figure 2. HMBC correlations observed for dipiperamide C (4).

Figure 3. Selected NOE correlations observed for dipiperamide C (4).
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Table 3. CYP3A4 inhibition of pepper metabolites

Alkaloids 1Csp (LM)

17.2
0.18
0.45
0.48
3.55

Ketoconazole® 0.11

[7, 3¢ "SR Sy

* A typical CYP3A4 inhibitor.”’

CYP3A4 activity was monitored by nifedipine oxidation
with expressed human CYP3A4.'® Dipiperamides A-C
(2—4) exhibited the significantly potent inhibition of CYP
as shown in Table 3; alkaloid 2 was one hundred times more
active than the parent compound piperine (1). Recently,
Singh et al. reported the structure—activity relationships
(SAR) of piperine and its synthetic analogues for CYP
inhibitory activity, and found that saturation of the side
chain resulted in enhancement of CYP inhibition.”
However, the inhibition of CYP by the new alkaloids 2—4
was more significant than that of the analogues reported.
Since the regulation of drug metabolites is important for
pharmacokinetics of drugs and their bioavailability, the
activities of 2—4 are noteworthy concerning the SAR of
CYP.

3. Experimental
3.1. General

UV spectra were measured on a SHIMADZU UV-1600
UV-visible spectrophotometer. IR spectra were recorded
on a SHIMADZU IR-460 infrared spectrophotometer.
Optical rotations were determined with a HORIBA
SEPA-300 high sensitive polarimeter. NMR spectra were
recorded on a JEOL GSX500 NMR spectrometer in
CDCl;. All chemical shifts were reported with respect to
CDCl; (8y 7.26, 8¢ 77.0). Mass spectra were measured on
a JEOL SX-102 mass spectrometer. Expressed human
CYP3A4 was purchased from Gentest Corporation.

3.2. Extraction and isolation

White pepper (P. nigrum L.) cultivated in Malaysia was a
gift from a Japanese spice company, House Foods Corpora-
tion. The pepper (1.0 kg) was refluxed in EtOAc (1.2 L) for
1 h, and then in acetone (1.2 L) for 1 h twice. The combined
extracts (65.7 g; ICs, value of CYP3A4 inhibition, 1.5 g/
mL) were subjected to silica gel chromatography eluting
with hexane/EtOAc, EtOAc, EtOAc/MeOH (1:1), and
MeOH. The fraction (35.0 g) eluted with hexane/EtOAc
(1:1) afforded piperine (1, 33.0 g, 3.3%; ICs, 4.9 pg/mL,
17.2 nM), which was crystallized in the eluent. The fraction
(2.1 g) eluted with AcOEt/MeOH (1:1) and MeOH, which
showed more potent CYP3A4 inhibitory activity (ICso,
0.8 wg/mL) than piperine, was purified by silica gel
chromatography with hexane/acetone to afford three active
fractions. The first fraction (300 mg, ICs,, 6.6 pg/mL) was
eluted with hexane/acetone (2:1) to give piperylin (§, 3.0 g,
0.30%; ICsp, 1.0 pg/mL, 3.55 pM). The alkaloids 1 and 5
were identified on the basis of their "H NMR spectra.” The

second fraction (300 mg, 1Csy, 0.4 pg/mL) eluted with
hexane/acetone (2:1 and 1:1) was purified by ODS chroma-
tography eluting with 80% MeOH/H,0, followed by
reverse-phase HPLC with 75% MeOH/H,0O to afford
dipiperamide C (4, 4.5 mg, 4.5X10_4%; 1Csg, 0.27 pg/mL,
0.48 pM). The third fraction (640 mg, ICsy, 1.3 pwg/mL)
eluted with hexane/acetone (1:1) was subjected to silica
gel chromatography with CHCI;/MeOH and ODS chroma-
tography with 70% MeOH/H,O to afford dipiperamides A
(2,10.4 mg, 1.0X10 >%; ICsy, 0.10 pg/mL, 0.18 pM) and B
(3, 16.0 mg, 1.6X10%; ICs, 0.26 wg/mL, 0.45 wM).

3.2.1. Dipiperamide A (2). [a]p>=0° (¢ 0.085, CHCly);
UV (EtOH) A, (loge) 203.5 (4.9), 238.0 (4.4, sh),
287.5 nm (4.0); IR (CHCl3) v, 3000, 2940, 2850, 1700,
1650, 1600, 1490, 1440, 1360, 1250, 1230, 1040, 930 cm ™ ';
'H and *C NMR (CDCl;) see Table 1. HMBC cross peaks:
H-2/C-1, C-4; H-3/C-1, C-4; H-4/C-2, C-3, C-5, C-6; H-5/
C-3,C+4,C-6,C-7,C-11; H-7/C-4, C-9, C-11; H-10/C-6, C-
8; H-11/C-4, C-7, C-9. EIMS (%) m/z 570 (M) (4), 485 (4),
458 (6), 285 (100), 201 (80); HREIMS m/z 570.2731
(C34H38N206, A +0.1 mmu).

3.2.2. Dipiperamide B (3). [a]p>=0° (¢ 0.095, CHCl;);
UV (EtOH) A (log &) 204.0 (4.8), 237.0 (4.4, sh),
273.0 (4.3, sh), 289.0 nm (4.2, sh); IR (CHCI3) vy 3000,
2940, 2860, 1700, 1650, 1600, 1500, 1440, 1350, 1250,
1040, 930 cm™'; 'H and *C NMR (CDCl;) see Table 1.
HMBC cross peaks: H-2/C-1, C-4; H-3/C-1, C-5; H-4/C-
2, C-3, C-5, C-6; H-5/C-3, C-4, C-6, C-7, C-11; H-7/C-6,
C-9, C-11; H-10/C-8; H-11/C-7, C-9. EIMS (%) m/z 570
M™) 2%), 556 (2), 485 (3), 458 (6), 285 (100), 201 (70);
HREIMS m/z 570.2740 (C3,H35N>O¢, A +1.0 mmu).

3.2.3. Dipiperamide C (4). [a]p>=0° (¢ 0.095, CHCl;);
UV (EtOH) A (log &) 207.5 (4.6), 268.5 (4.3), 278.0
(4.2, sh), 308.5 (4.1), 325.0 nm (3.8, sh); IR (CHCL3) vy
3000, 2930, 2880, 1720, 1710, 1700, 1650, 1620, 1500,
1460, 1440, 1340, 1250, 1230, 1040, 960, 930 cm™'; 'H
and *C NMR (CDCl;) see Table 2. HMBC cross peaks:
H-2/C-3, C-4, C-2"; H-3/C-2, C-4, C-3"; H-4/C-3, C-6,
C-3"; H-5/C-3, C-7, C-11; H-7, H-7"/C-9, C-11, C-9”,
C-11"; H-10, H-10"/C-6, C-8, C-6", C-8", H-11, H-11"/
C-9, C-9”; H-Z”’/C-3/”, C-4’”; H-3”’/C—2’”, C-4”’, C—SW;
H-4"/C-3". EIMS (%) m/z 556 (M) (25), 485 (18), 471
(27), 458 (6), 444 (8), 285 (78), 271 (68), 201 (100);
HREIMS m/z 556.2574 (C33H3¢N>06, A +0.0 mmu).

3.3. Assay of CYP inhibition

CYP activity was based on nifedipine oxidation.'® Various
amounts (0—10 wM, final concentration) of samples were
incubated at 37°C for 5 min in 100 mM phosphate buffer
(pH 7.4) containing 50 uM nifedipine, 5 mM glucose-6-
phosphate, 0.5mM B-NADP*, 0.5mM MgCl,, and
4.3 pg/mL glucose-6-phosphate dehydrogenase. CYP3A4
(5.6 pmol) was also preincubated at 37°C for 5 min in
7 L of the buffer and added to the sample solution. After
incubation at 37°C for 1 h, the reaction was terminated by
the addition of 100 wL of MeOH. After adding 3.7 pg of
6-methoxycarbonyl-5-methyl-7-(2-nitrophenyl)-4,7-dihydro-
furo[3,4-b]pyridin-1-(3H)-one in DMSO (1 pL) as an inter-
nal standard, the reaction mixture was extracted with ether
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(1 mL), and the ether layer was evaporated. The residue was
dissolved in 100 pL. of MeOH, and an aliquot (20 pL) was
analyzed by reverse-phase HPLC (column, TSK-gel ODS-
120T, 4.6 mm i.d.X150 mm; mobile phase, 64% MeOH/
H,0; flow rate, 1.0 mL/min; detection, UV 254 nm); reten-
tion times: 2.9 min for the internal standard, 4.0 min for the
nifedipine metabolite (nifedipine pyridine), and 5.5 min for
nifedipine. The value of ICs, the concentration required for
50% inhibition of CYP3A4 activity, was calculated from the
data of duplicate measurements.
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