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Abstract: The piperamides profile of Piper nigrum cultivated in Costa Rica was studied using ultra-
performance liquid chromatography coupled with electrospray ionization quadrupole time-of-flight
high-resolution mass spectrometry (UPLC-ESI-QTOF-HRMS) on enriched-piperamides extracts. A
total of 31 different piperamides were identified, 24 of them with a methylenedioxyphenyl moiety,
including piperine and nine other compounds with the characteristic piperidine ring, as well as
guineensine, retrofractamide B, and eight other piperamides with an N-isobutyl group. In addi-
tion, piperyline and two other compounds with a pyrrolidine ring, as well as piperflaviflorine B,
holding a N-2-methylbutyl chain, were characterized. In turn, pellitorine and six other piperamides
exhibiting a long olefinic chain instead of the methylenedioxyphenyl group were also tentatively
identified. In addition, quantification was performed using UPLC coupled with a diode array detector
(UPLC-DAD), with 15 piperamides being quantified, including piperine, piperyline, piperanine,
and piperloguminine with values within the range of previous reports, while results obtained for
guineensine (276.5-421.0 mg/100 g dry material) and pellitorine (414.4-725.0 mg/100 g dry material)
were higher than those reported in the literature. Additionally, preparative and semi-preparative
high-performance liquid chromatography (HPLC) separations allowed to isolate, besides piper-
ine, four other piperamides, which were identified through HRMS, 1H and 13C nuclear magnetic
resonance (NMR). These included retrofractamide B, guineensine, pellitorine, and (2E,4E,127)-N-
isobutyl-octadeca-2,4,12-trienamide, with yields of 134.0 mg/100 g dry material, 209.7 mg/100 g dry
material, 361.8 mg/100 g dry material and 467.0 mg/100 g dry material, respectively, with all these
values higher than those reported in previous studies in the literature. The findings constitute the
first report of such a number and diversity of compounds in P. nigrum cultivated in Costa Rica.

Keywords: Piper nigrum; black pepper; UPLC ESI-MS; piperamides; piperine; guineensine; pellitorine;
retrofractamide B

1. Introduction

Black pepper (Piper nigrum) is a fruit cultivated worldwide because of its commercial
interest, holding a high position in total production among the main fruit crops used
as spices worldwide [1]. The International Trade Center (ITC) in Geneva, Switzerland,
estimates the current trade in spices at 400,000-450,000 metric tons with a total value of US
USD 1.5-2 billion annually. With an annual growth rate of 3.6% in quantity and 8.4% in
value in spices, pepper contributes 34% of total trade in spices [2].

With a practice spanning thousands of years, ayurvedic practitioners have long pre-
scribed black pepper, as it was a key component in many ayurvedic remedies in India and
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likely enhanced the effectiveness of other compounds in traditional herbal medicines [3].
Likewise, its positive influence on the bioavailability of drugs and nutrients has been
reported, increasing intestinal absorption and regulating metabolism and transport [4]. Re-
cent reports have described that piperine enhances the solubility of natural metabolites and
drugs through the formation of multicomponent organic materials (MOMs), for instance,
forming eutectic mixtures with drugs and naturally occurring compounds and boosting
their solubility, dissolution rate, and wettability while decreasing contact angle [5].

Reviews on the use of P. nigrum highlighted the in vivo neuroprotective and hypo-
glycemic effects presenting a potential for further research, especially to investigate its
capacity to inhibit acetylcholinesterase and butyrylcholinesterase, two enzymes critically
implicated in Alzheimer’s and Parkinson’s disorders, but also «-amylase, x-glucosidase,
and lipase enzymes [6] as well as other neuroprotective properties reducing caffeine-
induced effects on mice hyperlocomotion [7].

In turn, extracts derived from Piper nigrum have exhibited notable antibacterial efficacy
against a spectrum of microorganisms, including Candida albicans, Escherichia coli, various
Aspergillus species, diverse Bacillus strains, various Pseudomonas variants, several Staphy-
lococcus strains, and Salmonella species, showing its broad antibacterial effects [8]. It was
also observed that P. nigrum extracts restored the antioxidant profile and normalized levels
of urea and creatinine and the renal histological architecture after the induction of renal
toxicity in rats via monosodic glutamate [9]. In addition, immunomodulatory functions
related to the modulation of cellular energy metabolism have been reported [10].

Piperine, the most abundant amide in P. nigrum, exerts anti-inflammatory, neuro-
protective, immunomodulatory, cardioprotective, and anticancer effects [11], for instance,
including inhibition of growth and differentiation of cancer cells through various path-
ways, including ROS (reactive oxygen species) generation, caspase-mediated apoptosis, the
inhibition of cell migration, the suppression of oncogene expression, and the enhancement
of mitochondrial-mediated pathways [12].

Other amides from Piper spp. have gained interest because of their bioactive properties,
such as inhibitors of cellular uptake of the endocannabinoid anandamide. Structure-activity
studies emphasize the significance of the alkyl chain length in molecules like guineensine,
which inhibits endocannabinoid uptake across various cell lines independently of fatty acid
hydrolase (FAAH) [13] and exhibits significant neuro-pharmacological interactions with
sigma receptors, 5-hydroxy-tryptamine 2A (5-HT2A) receptors, dopamine transporters
(DATs), and 5-hydroxy-tryptamine 2B (5-HT2B) receptors when tested against 45 central
nervous system (CNS)-related receptors, channels, and transporters [14].

Piperine also inhibits enzymes like cytochrome P450 3A4 (CYP3A4), which in turn
affect drug interactions. For instance, it impacts how the organism processes such drugs
as nevirapine, carbamazepine, midazolam, diclofenac sodium, and glimepiride because
of CYP enzyme inhibition [15]. With these drugs, botanical interaction is important to
highlight since such properties can pose a challenge in terms of public safety concerns, and
therefore, quality assessment on the characterization and quantification of metabolites on
raw materials and final goods based on P. nigrum is of particular interest.

In turn, pellitorine inhibits lipid accumulation during adipogenesis in 3T3 Swiss albino
cell line (3T3-L1) cells and protects vascular barrier integrity by reducing hyperpermeability,
cell adhesion molecule (CAM) expression, and leukocyte adhesion and migration [16,17].
Meanwhile, retrofractamide B, along with guinensine and N-isobutyl di and trienamides,
has shown analgesic gastroprotective effects in experimental ethanol- and indomethacin-
induced gastric lesions in rats [18].

Based on these important reports of pharmacological effects and potential applications,
interest in developing or incorporating black pepper extracts or piperamides in final
products in the dietary supplements and drug industry is expected to continue to grow,
and the secondary metabolic profile can be used as a tool to provide relevant markers
for predicting future pharmacological applications. Hence, the aim of this study was the
characterization of piperamides of commercial black pepper cultivated in Costa Rica via
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UPLC-ESI-QTOF-HRMS, as well as their quantification using UPLC-DAD and further
isolation of different piperamides of interest because of their bioactive properties.

2. Materials and Methods
2.1. Plant Material

P. nigrum commercialized fruits were acquired in a dry state from one of the main
local Costa Rican distributors, corresponding to different producers from the northern
part of the country, and harvested in the peak season. Namely, samples Pn-d and Pn-f
pertained to the San Carlos region, and Pn-j pertained to the Guatuso region. Furthermore,
Pn-d, Pn-j, and Pn-f were harvested in the months of December, January, and February,
respectively. These regions have different altitudes, corresponding to 40 masl (meters above
sea level) for Guatuso and 266 masl for San Carlos, as well as different temperatures and
rainfall. Considering the harvest month for each sample, the annual average temperature
was 27.2 °C for Pni-j and 25.8 °C for Pn-d and Pn-f, while the annual average rainfall was
411.6, 182.5, and 395 mm for Pn-d, Pn-j, and Pn-f, respectively. The samples were kept in
sealed containers at —20 °C.

2.2. Reagents and Solvents

Reagents such as piperine (97%) and formic acid (99%) were provided by Sigma-
Aldrich (St. Louis, MO, USA). Solvents of ACS (American Chemical Society, Washington,
DC, USA) and HPLC grade, such as acetonitrile (99.8%), ethyl acetate (99.7%), ethyl ether
(99%), methanol (99.8%), and water (100%), were purchased from Baker (Center Valley,
PA, USA), while deuterated chloroform (99.8%) and deuterated methanol (98.8%) were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Calibration and lock spray kits from
Waters (Milford, MA, USA) were used to prepare sodium formate and leucine enkephalin
solutions.

2.3. Piperamide Extracts from P. nigrum Fruits

P. nigrum dry fruits were extracted in a Dionex™ ASE™ 150 Accelerated Solvent
Extractor (Thermo Scientific™, Walthman, MA, USA) using ethyl acetate as a solvent in a
34 mL cell at room temperature. The extract was washed with water, and then, the organic
solvent was eliminated under vacuum to obtain a piperamides-rich extract.

2.4. UPLC-QTOF-ESI MS Analysis

Measurements were performed using a Xevo G2-XS QTOF (Waters, UK) coupled with
an AQUITY H Class UPLC system with a quaternary pump. ESI source parameters were
set to a capillary voltage of 2 kV, sampling cone of 20 eV, source temperature of 150 °C,
source offset of 10 °C, desolvation temperature of 450 °C, cone gas flow of 0 L/h, and
desolvation gas flow of 900 L/h. The measurement was performed in MS® high-resolution
positive mode using an acquisition mass range from 100 m/z to 1000 71/z and a scan rate of
0.5 s. Instrument calibration was performed in the mass range of the measurement with
sodium formate. Lock mass correction was applied directly to the measurement using
leucine enkephalin infusion measured each 30 s during the run. The data were analyzed
using MassLynx V4.2 software from Waters. A 1 pL sample was injected with a flow
of 0.5 mL/min using a Luna C18 column (150 mm X 4.6 mm id x 4 pm; Phenomenex,
Torrance, CA, USA) at 30 °C and a chromatographic gradient starting at 40% B increasing
to 100% B at 30 min; the gradient was held for 7 min, and then, the column was equilibrated
for 5 min to initial conditions. Solvents used in the mobile phase were A water with 0.1%
formic acid and B acetonitrile with 0.1% formic acid.

2.5. UPLC-DAD Quantification of Piperamides

For quantification purposes, measurements were performed using a method previ-
ously reported in the literature [19] with some modifications for optimization. Briefly, a
calibration curve of piperine was performed between 10 and 1000 mg/L using a UPLC-
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DAD coupled with a simple quadrupole MSQ instrument (ThermoFisher Scientific, San
Jose, CA, USA) and a Synergi Polar RP column (150 mm X 4.6 mm id x 4 um; Phenomenex,
Torrance, CA, USA). Mobile phases A and B consisted of a combination of 0.1% formic acid
in water (v/v) and 0.1% formic acid in acetonitrile (v/v), respectively. The linear gradient
was from 40% to 70% B (v/v) at 17 min to 100% B at 24 min and held at 100% B to 27 min.
The PDA acquisition was set at 260 nm and 340 nm. P. nigrum extract samples were mea-
sured under the same conditions. Results are expressed as mg of piperine equivalents and
as a percentage of each piperamide in the extract composition, calculated by considering
the integrated area for each peak as a percentage of the sum of all areas.

2.6. Preparative and Semipreparative HPLC for Piperamides Isolation

A total of 10 mL of cold ethyl ether was added to the pepper extract, stirred to dissolve
completely, concentrated in a rotary evaporator at 20 °C to half the volume, and left to rest
in a cold bath for 15 min. The remaining solid was separated via vacuum filtration and
allowed to air dry. The solid obtained constituted piperine (PIP), while the filtrate (SBN)
was used for subsequent purifications.

The SBN extract was dissolved at 1 g/mL in methanol, and 200 L were injected using
a preparative column (Phenomenex Luna C12(2) 250 x 21.2 mm, 5 um) with elution at
7.0 mL/min using water (A), methanol (B) and acetonitrile (C). The gradient started with
55% B and 35% C and was maintained for 8 min, then increased to 50% B and 25% C at
10 min, maintained constant until 13 min, and then increased to 60% B and 40% C at 18 min
and remained constant until 30 min. Fractions were collected and evaporated to dryness
and then analyzed via UPLC-MS and NMR

Fraction 4 was subjected to a subsequent semipreparative process with a Synergi
Polar-RP column (150 x 10 mm id, 4 um; Phenomenex, Torrance, CA) using water (A) and
acetonitrile (B) with a gradient from 50% B to 62.4% B in 7 min, 70% B at 13 min and up to
80% B at 20 min with a flow rate of 3.8 mL/min. Fractions were collected and evaporated
to dryness and then analyzed via UPLC-MS and NMR.

2.7. Nuclear Magnetic Resonance Analysis

Analyses were performed with 5 mg of each compound dissolved in 0.75 mL of
deuterated chloroform or deuterated methanol. Measurements were performed in a Bruker
Ascend 400 MHz instrument, and chemical shifts () are reported in ppm relative to internal
tetramethylsilane (TMS, = 0.0 ppm) as standard.

2.8. Statistical Analysis

One-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, was
applied to piperamides quantification values, and differences were considered significant
atp <0.05.

3. Results and Discussion
3.1. Profile by UPLC-QTOF-ESI MS Analysis of Piperamides

The UPLC-QTOEF-ESI MS analysis could identify 31 piperamides in the extracts from
P. nigrum commercial dry fruits, prepared as described in the Materials and Methods
section, from the three different commercial dry samples, namely Pn-d, Pn-j, and Pn-f.
Extracts were obtained as oleoresins with an average yield of 8.62%. Table 1 and Figure 1
summarize the results of the piperamides identification analysis.
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Table 1. Profile of piperamides identified by UPLC-QTOEF-ESI-MS analysis for P. nigrum samples.

Peak Tentative Identification (nI1{itn) [M + H]* (Da) Molecular Formula Error (ppm) MS? Fragments
1 Piperlonguminine 11.17 274.1420 C16HyoNO3 —8.46 201,173,135
2 Piperylline 11.33 2721327 C16H18NO3 4.81 201,171, 143,135
3 Dihydropiperlonguminine 13.26 276.1586 C16H»pNO3 —4.96 173,145,135
4 Piperanine 14.12 288.1602 C17HoNO;3 0.80 203,175, 145,161, 135
5 Piperine 14.32 286.1273 C17HoNOj3 —9.48 201,171, 143,135
6 Piperdardine 17.22 314.1794 C19Hp4NO3 2.04 199, 161
7 (2E,AE,8E)-Piperamide-C9:3 17.53 326.1804 CyoHy4NOj3 4.66 227,197
8 Piperettine 18.44 312.1655 C19HoNO3 17.72 227,199, 169
9 Retrofractamide A 18.90 328.1944 CypoHpsNO3 9.54 255,227,161, 135
10 Pipercallosine 20.07 330.2108 CyoHysNO3 1.75 229,135
11 Pellitorina 20.17 224.2015 C14HpNO 0.27 208, 168, 154
12 Dehydropipernonaline 20.65 340.1971 C1HpeNO3 7.14 255,227,179,161, 135
13 Pipernonaline 21.90 342.2122 Cy1HygNO;3 5.43 229,227,199, 161, 135
14 Retrofractamide B 22.86 356.2261 CyoyH3pNO;3 9.91 283, 255, 161, 135
15 Piperolein B 23.45 3442272 Cy1H3pNO;3 345 201,135
16 Piperchabamide D 24.13 358.2411 CyyH3oNO3 8.04 285,227,135
17 Piperundecalidine 24.97 368.2231 Cp3H3oNO3 1.44 255,135
18 Piperchabamide B 26.39 370.2446 CyH3NO; 8.72 285,161, 135
19 Brachiamide A 26.54 382.2458 Cy4H3oNO3 9.83 311, 283, 161, 135
20 Guineensine 26.95 384.2591 Cy4H34NO;3 3.61 311, 283, 161, 135
21 Piperflaviflorin A 27.99 386.2699 Cp4H3NO3 0.99 313,135
22 Piperflaviflorin B 28.35 398.2727 Cy5H36NO3 7.99 283,161, 135
23 Piperchabamide C 29.09 396.2575 Cy5H34NO; 9.16 311,283,161, 135
24 Brachistamide B 30.49 412.2857 CpH3sNO3 1.29 339, 311, 161, 135
25 1-(octadeca-2E,4E,12 /13Z-trienoyl)pyrrolidine 32.14 332.2957 CyH3gNO 1.08 304, 261, 233
26 Brachistamide D 34.75 426.3001 Cy7HyoNO;3 —-1.69 135
27 (2E/4E,13Z)-N-isobutyl-2,4,13-octadecatrienamide 35.18 334.3147 CyyHyoNO 1.10 306, 261
28 1-(octadeca-2E,4E,12 /13Z-trienoyl)pyrrolidine 36.20 332.2957 CyH3gNO 1.08 304, 261, 233
29 (2E,4E)-N-isobutyl-2,4-octadecadienamide 36.76 336.3070 CyyH pNO —8.40 320, 280, 263
30 1-(octadeca-2E 4E,13Z-trienoyl)piperidine 38.56 346.3136 Co3HygNO 7.54 318, 261
31 (2E,4E,14Z)-N-Isobutyl-2,4,14-eicosatrienamide 39.92 362.3423 CyyHyyNO 0.03 306, 289
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Figure 1. UPLC-ESI-QTOF-HRMS extracted ion chromatograms of piperamides from Piper nigrum
cultivated in Costa Rica. [M + H]*: (a) 274, 276, 330, 356, 358, 384, 398, 412, 426; (b) 286; (c) 272, 288,
314, 312, 340, 342, 344, 368, 370, 396; (d) 326, 328, 224, 386, 382, 332, 334, 332, 336, 346, 362. Peak
numbers correspond to assignation as described in Table 1.

As stated, each chromatogram shows the corresponding extracted [M + HJ* ion for
the respective compounds listed in Table 1 and discussed in this section. The first group of
piperamides has a characteristic methylenedioxyphenyl moiety and an isobutyl bonded
to the amide group (Figure 2). These compounds were identified by the characteristic
fragments of [M + H — 73] due to the loss of the isobutylamine and [M + H — 101]*
from the loss of the amide group along with the isobutyl chain. Both fragmentations
could occur with an additional CH,O loss from the methylenedioxy group cleavage, which
generated the corresponding fragments at [M + H — 103]" and [M + H — 131]". An
additional fragment at 135 Da was due to the rupture of the central chain to obtain a
methylbenzodioxole group [20,21]. Finally, an ion at 161 Da was present because of the
propenylbenzodioxole fragment [22].
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Figure 2. (a) Structure and main fragments for piperamides with a methylenedioxyphenyl moiety
and an isobutyl amine substituent. (b) R chain and C,;-Cy, bonding for each piperamide in this group.

For instance, peaks 1 and 3 (Figure 1a) correspond to piperloguminine and dihy-
dropiperlonguminine, respectively. Peak 1 shows fragments at 201 Da [M + H — 73]*,
173 Da [M + H — 101]*, and 135 Da, while peak 3 has fragments at 173 Da [M + H — 101]*,
145 Da [M + H — 131]* and 135 Da. In turn, peak 9 (Figure 1a) corresponds to retrofrac-
tamide A, and peak 14 (Figure 1d) corresponds to retrofractamide B, both with fragments
at [M + H — 73]*, [M + H — 101]*, 161 Da, and 135 Da. Peak 10 (Figure 1a) is identified
as pipercallosine and shows fragments 135 Da and [M + H — 101]* at 229 Da, while peak
16 (Figure la) corresponds to piperchabamide D with fragments at 285 Da [M + H — 73]*,
227 Da [M + H — 131]%, and 135 Da.

In turn, peak 20 (Figure 1a), identified as guineensine, shows fragments [M + H — 73]*
at 311 Da and [M + H — 101]* at 283 Da, plus the two fragments of benzodioxole moiety
corresponding to 161 and 135 Da. In peak 21 (Figure 1d), corresponding to piperflaviflorine
A, fragments are present at 313 Da [M + H — 73]* and 135 Da, while peak 24 (Figure 1a)
corresponds to brachistamide B and exhibits fragments at 339 Da [M + H — 73]*, 311 Da
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[M +H — 101]*, 161 Da, and 135 Da. The last compound in this group is peak 26 (Figure 1a),
assigned to brachistamide D, with a characteristic main fragment at 135 Da [20,22-27].

When the side chain is a pyrrolidine ring instead of the isobutyl group (Figure 3),
the fragments produced are [M + H — 71]* from the loss of this pirrolydine moiety and
[M +H — 99]* from the loss of pyrrolidine along with the carbonyl group. Additional
loss of CH,O (30 Da) from the methylenedioxy group results, in these cases, in the loss of
M +H — 101]* and [M + H — 129]", respectively [20,21].

LD IMEH99T g3
N 'R ' ,
by e [M4H-120]
——
[M+H-71]
(a)
Compound R

2 %J
19 NN

(b)

Figure 3. (a) Structure and main fragments for piperamides with a methylenedioxyphenyl moiety

and a pyrrolidine cycle. (b) R chain for each piperamide in this group.

This pattern led to the identification of peak 2 (Figure 1c) as piperyline, showing
fragments at [M + H — 71]* (201 Da), [M + H — 101]* (171 Da), [M + H — 129]* (143 Da), and
135 Da. In turn, peak 7 (Figure 1d) corresponds to (2E,4E,8E)-Piperamide-C9:3) and exhibits
fragments at227 Da [M + H — 99]" and 197 Da [M + H — 129]*; peak 19 (Figure 1d), assigned
to brachiamide A, presents fragments at 311 Da [M + H — 71]*, 283 Da [M + H — 99]",
161 Da, and 135 Da [8,28,29].

The side chain can also be a piperidine ring. In this group of compounds, the loss
of piperidine moeity gives the fragment at [M + H — 85]*, while the loss of the amide
produces the ion at [M + H — 113]*. In both cases, an additional loss of CH,O generates
the fragments [M + H — 115]" and [M + H — 143]* (Figure 4) [20,21].

Peak 4 (Figure 1c) corresponds to piperanine and is identified by fragments at 203 Da
[M + H — 85]*, 175 Da [M + H — 113]*, 145 Da [M + H — 143]*, as well as 161 Da and
135 Da. Peak 5 (Figure 1b), identified as piperine, holds fragments at 201 Da [M + H — 85]*,
171 Da [M + H — 115]*, 143 Da [M + H — 143]*, and 135 Da. In turn, peak 6 (Figure 1c),
assigned to piperdardine, exhibits fragments at 199 Da [M + H — 115]* and 161 Da, while
peak 8 (Figure 1c) corresponds to piperettine and has fragments at 227 Da [M + H — 85]",
199 Da [M + H — 113]*, and 169 Da [M + H — 143]*. Furthermore, peak 12 (Figure 1c),
dehydropipernonaline, shows fragments [M + H — 85]* at 255 Da, [M + H — 113]* at
227 Da, 161 Da, and 135 Da and an additional fragment at 179 Da from the loss of the
propenylbenzodioxole moiety [8,19,20,23,28,30,31].
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Figure 4. (a) Structure and main fragments for piperamides with a methylenedioxyphenyl moiety
and a piperidine ring. (b) R chain and C,-C;, bonding for each piperamide in this group.

Peak 13 (Figure 1c) corresponds to pipernonaline, with fragments at 229 Da [M + H
— 113]*,227 Da [M + H — 115]*, 199 Da [M + H — 143]*, 161 Da, and 135 Da. The main
fragments of peak 15 (Figure 1c), identified as piperolein B, are shown at 201 Da [M + H
— 143]* and 135 Da, while peak 17 (Figure 1c), piperundecalidine, exhibits fragments at
255 Da [M + H — 113]* and 135 Da. Peak 18 (Figure 1c), assigned to piperchabamide B,
has fragments at 285 Da [M + H — 85]*, 161 Da, and 135 Da, while the last compound in
this group, peak 23 (Figure 1c), corresponds to piperchabamide C and holds fragments at
311 Da [M + H — 85]*, 283 Da [M + H — 113]*, 161 Da, and 135 Da [8,19,20,23,28,30,31].

On the other hand, peak 22 (Figure 1a), identified as piperflaviflorine B, possesses
a different fragmentation pattern (Figure 5), with fragments at 311 Da (M + H — 87]%)
and 283 Da (IM + H — 115]*), suggesting the presence of a 2-methylbutyl group in the
amide, as previously described in the literature [32], and fragments at 161 Da and 135 Da
are characteristic of the methylenedioxyphenyl moiety [32].
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m/z 161 m/z 135
—
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Figure 5. Structure and main fragments for piperflaviflorine B 22.

The remaining group of peaks lacks the methylenedioxyphenyl group in their struc-
tures (Figure 6). Peak 11 (Figure 1d), assigned to pellitorine, shows fragments of an aliphatic
unsaturated chain at 208 Da [M + H — CHyJ*, 168 Da [M + H — C4Hg]*, and 154 Da [M +
H — CsHjp]* [29,33]. Peaks 25 and 28 (Figure 1d) were identified as isomers 1-(octadeca-
2E4E,12/13Z-trienoyl)pyrrolidine, with fragments at 261 Da [M + H — 71]* and 233 Da
[M +H — 99]* from the loss of pyrrolidine and pyrrolidine amide, respectively, and an
additional fragment at 304 Da [M + H — CyHy]* [28,34], not showing fragments at 135 Da
or 161 Da or the additional loss of 30 Da of CH,O from the methylenedioxyphenyl group.

F b= N
R4 5 5 Re
o= O /izl
(a)
Compound R: R:
11 a -CHs

2 4
3 3
3 3

29 a W
8
3 3
4 4

(b)

Figure 6. (a) Structure for piperamides with an aliphatic unsaturated olefinic chain. (b) Ry and R,

substituents for each piperamide in this group.
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The fragment at [M + H — 73]* originated from the loss of isobutylamine, indicating
the presence of an isobutyl lateral chain in peak 27 (Figure 1d) (2E,4E,13Z)-N-isobutyl-
2,4,13-octadecatrienamide, peak 29 (Figure 1d) (2E,4E)-N-Isobutyl-2,4-octadecadienamide),
and peak 31 (Figure 1d) (2E 4E,14Z)-N-Isobutyl-2,4,14-eicosatrienamide. Other observed
fragments correspond to the rupture of the olefinic chain as [M + H — CH4]* in peak 29,
M + H — CyHy]" in peak 27, and [M + H — C4Hg]" in the three described peaks [28,35,36].

Finally, peak 30 (Figure 1d), assigned to 1-(octadeca-2E 4E,13Z-trienoyl)piperidine,
had a fragment pertaining to the aliphatic unsaturated chain at [M + H — C;Hy]* and
another at [M + H — 85]" from the loss of piperidine [20,35].

3.2. Piperamides Quantification

The quantification of piperamides was carried out via UPLC-DAD with respect to a
calibration curve of a piperine standard, with results expressed as mg of piperine equiva-
lents (PE) per 100 g of dry sample and as a percentage of each piperamide in the extract
composition, as described in the Materials and Methods section. Results are summarized
in Table 2.

Table 2. Piperamides content in samples of Piper nigrum cultivated in Costa Rica.

Sample 12

Compound Pn-d Pﬁ-j Pn-f

Piperylline 79.8 01 £ 1.0 (1.6) 137.3f £ 4.7 (1.6) 848 + 3.4 (1.4)
Piperlonguminine 481+ 0.6 (0.9) 80.8 f +3.8(0.9) 7048 +4.4(1.2)

Piperanine ng. 3 116.2f+29(1.4) 7268 +1.8(1.2)

Piperine 2759 @ 4+ 107 (54.0) 45142 4 94 (53.0) 26122 + 153 (44.0)

Pellitorine 414.4°+5.2(8.1) 725b + 35 (8.5) 570 € =+ 38 (9.6)

Piperettine 178.1 58 + 1.9 (3.5) 1859 +59(2.2) 119.6 78 4+ 2.1 (2.0)

(2E,AE,8E)-Piperamida-C9:3

Retrofractamide A
Dehydropipernoline
Retrofractamide B
Piperolein B
Guineensine

(2E,4E,137)-N-isobutyl-octadeca-2,4,13-trienamide
(2E,4E)-N-isobutyloctadecadienamide
1-(octadeca-2E,4E,12Z-trienoyl)piperidine

105.7 M £ 1.3 (2.1)
n.g.
123380 +1.1(2.4)
169 f8 + 11 (3.3)
n.qg.

27659 £ 3.6 (5.4)
5173 + 6.4 (10.1)
189 ef + 14 (3.7)
249.3de +29(4.9)

1415%f + 44 (1.7)
84.8f +6.3(1.0)

201.5¢ + 5.7 (2.4)

29434 +7.0(3.5)
98.1f+£28(1.2)
421 € 4 26 (4.9)
754 + 60 (8.9)
3159 £ 11 (3.7)
445°¢ + 24 (5.2)

121 %8 + 10 (2.0)
82.98 £ 2.7 (14)
165f8 + 7.0 (2.8)
225ef +7.3(3.8)
71.88 +4.9(1.2)
378.84 £7.1(6.4)
722 + 41 (12.2)
264 4e 4 23 (4.4)
3749 + 25 (6.3)

! Values are expressed in mg of piperine equivalent/100 g dry sample, and values in parentheses show the percent
of total for each piperamide. 2 Different superscript letters in the row indicate differences are significant at p < 0.05
using one-way analysis of variance (ANOVA) with a Tukey post hoc as the statistical test. 3 n.q.: not quantifiable.
* Piperine was quantified in a 1:5 dilution.

Regarding total piperamide contents, the Pn-j sample is the one with the highest value
of 8514 mg PE/100 g dry material, which is 30% and 40% higher than the other two sam-
ples, Pn-f and Pn-d, respectively. This is in agreement with local producers’ information
that samples growing under less-rainfall conditions (Pn-j) are richer in contents than sam-
ples under higher-rainfall conditions (Pn-d and Pn-f). However, further studies would be
needed, along with information on soil and other cultivation conditions, to evaluate their re-
lationships with secondary metabolite content. With respect to the individual piperamides,
piperine was the most abundant, which is in agreement with the literature [19,24,29],
constituting between 44-54% of total piperamides, followed by (2E,4E,13Z)-N-isobutyl-
octadeca-2,4,13-trienamide, ranging from 8.9 to 12.2%, and pellitorine, with values between
8.1 and 9.6%.

Compared with the literature, our values for piperine are within the range reported
in previous studies, varying from 3320 to 5220 mg/100 g dry material [19,24,29]. With
respect to the other piperamides, piperanine and piperlonguminine results are within the
range that was reported in the literature, indicating values of 0.8-1.1% and 0.5-1.9% of
total piperamides, respectively [19], while no quantification results were reported in the
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literature for (2E,4E,13Z)-N-isobutyl-octadeca-2,4,13-trienamide, which is the piperamide
with the second highest value in our study. In turn, results obtained for guineensine
and pellitorine in Costa Rican black pepper dry fruits are higher than those reported by
previous studies in the literature, which range between 0.76-1.18% and between 1.22-3.34%,
respectively [24,29].

3.3. Semipreparative HPLC Analysis

Once piperine 5 was isolated from P. nigrum piperamides extracts through the pro-
cedure described in the Materials and Methods section, the remaining extract (SBN) was
used for subsequent piperamides isolation through preparative and semipreparative HPLC
separation. The solid isolated piperine 5 showed a molecular ion and fragmentation similar
to the ones described in Section 3.1, and the HPLC-DAD analysis (Figure S1, Supplementary
Materials) indicated 93% purity. 'H and '*C NMR analyses summarized in Figure S2 and
Table S1 align with previous reports from the literature [28].

Main signals in the 'H-NMR spectrum (Figure S2a) correspond to the three aromatic
protons (5 6.88-7.15 ppm) with the characteristic 1,3, 4-substitution coupling pattern and
to four other protons in the olefinic region (5 6.66-7.19 ppm), showing coupling constants
(J = 14.5-15.6 Hz) consistent with frans alkene bonds. 3C-NMR (Figure S2b) shows ten
signals between & 101.56 and 148.06 ppm corresponding to the aromatic and olefinic
protons and a signal at low field (5 165.01 ppm) that corresponds to the carbonyl group.
An additional carbon is observed at 6 109.0 ppm that, along with the singlet at 6 5.90 ppm
in the 'H-NMR spectra, corresponds to the methylendioxy group. In the aliphatic region,
there are no methyl groups, and two carbons at § 40-50 ppm (}3C-NMR), along with the
corresponding protons at § 3.49 ppm (\H-NMR), are explained by the bonding with the
nitrogen in the piperidine ring.

HPLC preparative separation performed in the SBN remaining extract allowed us to
isolate guineensine in fraction 8 and (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide
in fraction 12, whose structures were confirmed by HRMS and NMR. In fact, fraction 8
showed a molecular ion and fragmentation consistent with guineensine 20 (Figure 7), as
explained in Section 3.1. Figures S3 and 54 show the HPLC-DAD chromatogram and the
'H and '3C NMR spectra. Table S2 summarizes the shifts and coupling constants for these
spectra.

Figure 7. Structure of isolated guineensine 20.

In fact, all signals shown in Table S2 and Figure S4 are coincident with the ones reported
for guineensine in the literature [23]. For instance, the 13C-NMR spectrum (Figure 54b)
shows peaks at 6 166.7 ppm, corresponding to the carbonyl moiety, and at 6 100.9 ppm,
characteristic of the methylenedioxy group, along with the singlet at 6 5.95 ppm in the
TH-NMR spectrum (Figure S4a). In addition, the I3C-NMR shows twelve signals in the
unsaturated region, consistent with the aromatic ring (6 105.4-147.9 ppm) that, along with
the respective signals in the 'H-NMR (5 6.71-6.91 ppm), correspond to the coupling pattern
for the 1,3,4 tri-substituted benzene ring.

The additional signals at § 121.6, 128.3, 129.4, 141.5, and 143.3 ppm in the 3C-NMR,
along with the signals at § 5.77, 5.99-6.15, 6.30, and 7.80 ppm in the 'H-NMR, correspond
to the olefinic signals with ] = 15.0 and 15.8 Hz, indicating trans double bonds. Other
representative signals are observed in the 1>C-NMR at § 47.0 ppm that, along with the
signal at § 3.16 ppm (\H-NMR), agree with C-N bonding and one important methyl signal
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at § 20.1 ppm that, along a doublet at § 0.92 ppm (!H-NMR), corresponds to an isobutyl
group in the lateral chain of the amide.

Guineensine 20 was isolated with a yield of 209.7 mg/100 g dry black pepper, which is
higher than reported in the literature. For instance, Nicolussi et al. [13] reported for P. nigrum
an extraction with chloroform followed by column chromatography and preparative HPLC
fractionation, obtaining 12.2 mg of purified guineensine (2.17 mg/100 g dry black pepper).
On the other hand, Ramesh et al. [29] analyzed a methanolic extract of P. nigrum by HPTLC,
obtaining 51 mg/100 g dry black pepper, while Rao et al. [24] obtained 48.9 mg/100 g dry
black pepper for a methanolic extract analyzed by HPLC. Therefore, our results are higher
than those in these reports, as well as the values obtained for guineensine isolated from
Piper longum [13].

This result is important because of the different reported bioactive properties of
guineensine, for instance, inhibiting endocannabinoid uptake [13] and significant neuro-
pharmacological interactions when tested against CNS-related receptors, channels, and
transporters [14]. In drug design studies for neuropathic pain regulation, bioactivity results
obtained through quantitative structure-activity relationship (QSAR) model predictions
found an association between bioactivity strength and chain length and molecular insights
suggesting that the inhibitory mechanism may be related to the ability to initiate unstable
vibrations in fatty acid hydrolase (FAAH)-like anandamide transporter [37]. Furthermore,
guineensine’s bioactivity goes beyond neuromodulation, having the ability to bind to and
block the activities of two dual targets of secreted proteins and membrane-bound enzymes
with high specificity from microbial pathogens [38].

Along with guineensine, (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide 25 was
isolated in fraction 12 and characterized using HRMS and NMR. The molecular ion [M +
H]J* at 334 Da and fragmentation were consistent with the description (Section 3.1) for this
trienamide 25 (Figure 8), which was obtained with a yield of 467.0 mg/100 g dry material.
Figures S5 and S6 show the UPLC-DAD chromatogram and the 'H and '3C NMR spectra,
and Table S3 summarizes the shifts and coupling constants for these spectra.

o}

12

Figure 8. Structure of isolated (2E 4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide 25.

The signals shown in Table S3 and Figure S6 for the 'H and '3C-NMR spectra are
consistent with previous reports [23]. For instance, in the 3C-NMR (Figure S6b), the
carbonyl signal is observed at 4 166.4 ppm, and a total of six olefinic carbons are present
(6 121.7-143.3 ppm), while in the 'H-NMR (Figure S6a), the signals between & 5.36 and
7.21 ppm correspond to the six olefinic protons. Furthermore, the different coupling
constants for four of them (J = 14.9-15.0 Hz) indicate their trans alkene bonding, while
the other two olefinic protons (4 5.36 ppm) have a low coupling constant, indicating a cis
double bond. The isobutyl chain can be observed similarly as described for the previous
compound, with a signal at § 46.9 ppm ('*C-NMR) corresponding to the C-1’ bonded to the
nitrogen, along with the signal at § 3.18 ppm (!H-NMR), and the two equivalent methyl
groups at 20.1 ppm (1*C-NMR), along with a doublet signal at 0.91 ppm (\H-NMR).

The isolation of this molecule is relevant because of previous reports on biological activ-
ities from similar compounds. For instance, (2E,4E,14Z)-N-isobutyleicosa-2,4,14-trienamide
from P. longum exerted significant inhibitory effects on phenylephrine-induced mesen-
teric artery vasoconstriction [39], while another trienamide, 2E,4E,14Z)-N-(4-methylpentyl)
octadeca-2,4,12-trienamide, identified in P. nigrum, exhibited important activity against
larvae of Aedes aegypti, as determined by the World Health Organization (WHO) methodol-
ogy [40]. In sensory studies, 1-(octadeca-2E,4E,13Z-trienyl)piperidine, among other similar
compounds, displayed both a pungent impression and a long-lasting tingling sensation at
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higher concentrations [28]. Furthermore, some dienamides and trienamides from the Piper
genus have exhibited hepatoprotective activities on tumor necrosis factor (TNF-o)-induced
cytotoxicity in 1929 cells [41].

Fraction 4 from the aforementioned preparative HPLC consisted of a mixture of
two main compounds; therefore, a semi-preparative HPLC separation was performed, as
described in Section 2.7, resulting in the isolation of these two compounds, identified as
pellitorine 11 and retrofractamide B 14 through HRMS and NMR analyses. In fact, the
molecular ion [M + H]" at 224 Da and fragmentation were consistent with the description
(Section 3.1) for pellitorine 11 (Figure 9), which was isolated with a yield of 361.8 mg/100 g
dry material. Figures S7 and S8 show the UPLC-DAD chromatogram and the 'H and '*C
NMR spectra.

o]

/\/\/\/\)IJ\HA\ZK3

&

Figure 9. Structure of isolated pellitorine 11.

'H and *C NMR data shown in Table S3 and Figure S8 are consistent with litera-
ture [23]. For instance, 1>*C-NMR (Figure S8b) shows a signal at § 167.8 ppm consistent
with the carbonyl group and four signals at 4 121.6-142.6 ppm from olefinic carbons with
their corresponding protons at & 5.77-7.21 ppm in the 'H-NMR (Figure S8a) with coupling
constants of | = 14.9-15.0 Hz, indicating trans alkene bonding. In addition, the signals at
§ 46.6 and & 19.1 ppm (}3C-NMR), along with the doublets at § 3.08 and 0.94 ppm (*H-
NMR), are attributed to C-1’ and the two equivalent methyl groups, characteristic of the
isobutyl moiety.

These results are relevant because of pellitorine’s different reported bioactivities. For
instance, its anti-inflammatory effects, along with piperine, were reported to inhibit the
production of inflammatory factors and to reduce oxidative damage, attenuating the pro-
duction of ROS [42]. In fact, in vitro and in mouse model studies proved promising for
severe vascular inflammatory diseases, like sepsis and septic shock, because of pellitorine
inhibiting the release of the high-mobility group box 1 (HMGB1) triggered by lipopolysac-
charide and cecal ligation and puncture [43]. Previous pharmacokinetic tests found that
pellitorine could cross the colorectal adenocarcinoma (Caco-2) cells monolayer and the rat
gut when administered orally, and in the case of intravenous administration in mice, pelli-
torine also showed rapid penetration of the blood-brain barrier into the brain parenchyma,
supporting the potential use of Anacyclus pyrethrum extract, containing pellitorine, in
treating central nervous system diseases [44]. Furthermore, pellitorine has been found
to display strong cytotoxicity against human leukemic cell line 60 (HL60) and Michigan
Cancer Foundation-7 (MCF-7) cancer cells [45] as well as to exhibit anticoagulant effects in
mice [46].

Finally, the molecular ion [M + HJ]* at 256 Da and fragmentation were consistent
with the description (Section 3.1) for retrofractamide B 14 (Figure 10), which was obtained
with a yield of 134.0 mg/100 g dry material. Figures S9 and S10 show the UPLC-DAD
chromatogram and the 'H and *C NMR spectra.

A

Figure 10. Structure of isolated retrofractamide B 14.



Horticulturae 2023, 9, 1323

15 of 18

The data in Table S2 and Figure S10 for the 'H and '3C-NMR spectra of retrofrac-
tamide B 14 are consistent with those in the previous literature [23]. The 1>*C-NMR spectrum
(Figure 510b) shows a signal at 6 167.8 ppm, corresponding to the carbonyl group, and
another at 6 100.8 ppm, which is consistent with the methylenedioxy carbon. In addition,
twelve signals in the double-bond region are observed (5 100.8-148.0 ppm), which corre-
spond to the 1,3,4 tri-substituted aromatic ring and the three double bonds. Finally, eight
aliphatic carbons, including one signal at 4 46.6 ppm from C-1” bonded to the nitrogen and
two methyl groups at 6 19.1 ppm from the isobutyl moiety, are observed. With respect to
'H-NMR signals (Figure S10a), the singlet at 6 5.92 ppm corresponds to the methylenedioxy
protons, and signals at 6 6.73, 6.78, and 6.92 ppm pertain to the aromatic ring. In addition,
the coupling constants for the olefinic protons (J = 15.1-15.8 Hz) indicate the trans double
bonds. Finally, the doublets at § 3.08 ppm and & 0.94 ppm correspond to H-1" and the two
equivalent methyl groups from the isobutyl chain, respectively.

Several studies have reported different biological activities for retrofractamide B. For
instance, some authors proposed that besides piperine, retrofractamide B can be responsible
for the transient receptor potential vanilloid 1 (TRPV1) activation [47,48]. TRPV1 has be-
come an attractive target for many pathologies, as its activation has roles in the pathogenesis
of chronic inflammatory skin diseases, thermogenesis [48], diabetes, and bladder and lung
function [49]. Retrofractamide B has been found to significantly increase the accumulation
of triglyceride levels and to promote adipogenesis of 3T3-L1 cells [50]. In turn, P. nigrum
extract containing retrofractamide Bm, along with piperine, pellitorine, and guineensine,
has been reported to improve cell viability in neurotoxin 6-hydroxydopamine-induced
SK-N-SH and SH-SY5Y (human neuroblastoma cell lines), showing the characteristics of
amide alkaloids and their neuroprotective activities [51].

Compared with the literature, no previous isolation yield has been reported for
the (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide, and in the case of pellitorine and
retrofractamide B, our results yield higher values than those reported by previous studies
on Piper nigrum from Korea [52,53] and India [54]. Therefore, these results, along with
the high yields obtained for the (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide and
guineensine, indicate the interest in further phytochemical and bioactivity studies of these
Costa Rican species extracts and their isolated piperamides.

4. Conclusions

The analysis of piperamides-enriched extracts from P. nigrum commercial dry fruits
cultivated in Costa Rica using the UPLC-QTOF-ESI MS technique allowed us to char-
acterize a total of 31 different piperamides with and without a methylenedioxyphenyl
moiety in their structures and with different N-substituents, including piperidine, pyrroli-
dine, isobutyl, and 2-methylbutyl groups. UPLC-DAD analyses enabled the quantification
of 15 piperamides with values within the range reported in previous studies, such as
the ones from piperine, piperyline, piperanine, and piperlonguminine, or higher than
those from the literature, such as those obtained for guineensine and pellitorine. Fur-
thermore, besides piperine, four other piperamides, namely retrofractamide B, pellitorine,
(2E,4E,127)-N-isobutyl-octadeca-2,4,12-trienamide, and guineensine, were isolated with
excellent yields, higher than literature findings. These results, along with the presence of
diverse piperamides, which are reported for the first time for P. nigrum cultivated in Costa
Rica, suggest the potential of these extracts for further research. Hence, structure-activity
relationship studies can contribute to the increase in knowledge on fruits as a source of
dietary compounds and their associated bioactivities with potential health benefits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9121323/s1, Figure S1: HPLC-DAD chromatogram for
isolated piperine 5; Figure S2: (a) 'H-RMN (b) 1*C-RMN from isolated piperine 5; Table S1: 'H and
13C NMR shifts for isolated piperine 5; Figure S3: HPLC-DAD chromatogram for isolated guineensine
20; Figure S4: (a) ITH-RMN (b) 13C-RMN from isolated guineensine 20. Table S2: Shifts for 'H and 13C
NMR analysis of guineensine 20 and retrofractamide B 14; Figure S5: UPLC-DAD chromatogram from
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isolated (2E 4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide 25; Figure S6: (a) IH-RMN (b) 3C-RMN
from isolated (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide 25; Table S3: Shifts for 1H and 13C
NMR analysis of pellitorine 11 and (2E,4E,12Z)-N-isobutyl-octadeca-2,4,12-trienamide 25; Figure S7:
UPLC-DAD chromatogram from isolated pellitorine 11; Figure S8: (a) 1TH-RMN (b) 3C-RMN from
isolated pellitorine 11; Figure S9: UPLC-DAD chromatogram from isolated retrofractamide B 14;
Figure S10: (a) TH-RMN (b) 13C-RMN from isolated retrofractamide B 14.
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