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Abstract A radical-scavenging, guided phytochemical

study of the latex of Calotropis Procera afforded five lignans

(1–5), including a new one (4). The structural determination

was accomplished using 1D- and 2D-NMR, high-resolution

electrospray ionization mass spectrometry (HRESIMS), and

correlation with known compounds. Among the isolated

compounds, acylated lignans (3–5) showed stronger antioxi-

dant activity than non-acylated derivatives (1,2). Anti-in-

flammatory activity was evaluated by determining the

inhibitory potential against 5- and 15-lipoxygenase enzymes.

The highest anti-inflammatory activity was observed in

compound 4, with IC50s values of 7.6 lMand 2.7 lMagainst

5-LOX and 15-LOX, respectively.

Keywords Calotropis procera � Lignans � Antioxidants �
Anti-inflammatory � Lipoxygenase inhibitors

Introduction

Phytochemicals are endless sources of natural antioxidants

that play an important role in health promotion and pro-

tection against harmful free radicals, which cause serious

diseases. In general, natural antioxidants are safer to con-

sume than their synthetic counterparts, with fewer envi-

ronmental hazards (Khasawneh et al. 2011; Abdel-Mageed

et al. 2012, 2014). The antioxidant activity of plants is

mainly attributed to the presence of polyphenolics that

counteract reactive oxygen species (ROS). ROS can induce

oxidative damage in biomolecules, leading to many dis-

eases, such as cancer, rheumatoid arthritis, diabetes, cir-

rhosis, and arteriosclerosis (Gupta and Sharma 2006; Gill

and Tuteja 2010).

Lipoxygenases (LOXs) are non-heme, iron-containing

enzymes that catalyze the oxygenation of polyunsaturated

fatty acids such as arachidonic acid and linoleic acid to

their corresponding hydroperoxy derivatives. LOXs are

sub-classified, according to their positional specificity of

arachidonic acid oxygenation, as 5-, 8-, 11-, 12-, and

15-LOXs. 5-LOX catalyzes the oxidation of arachidonic

acid at the 5 position to yield 5-hydroxy-6,8,11,14-

eicosatetraenoic acid (5-HETE) which converts later to

leukotrienes. Leukotrienes play an important role in many

inflammatory conditions, such as inflammatory bowel
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disease, arthritis, asthma, cancer, and allergic diseases.

15-LOX, which catalyzes the oxidation of arachidonic acid

at the 15 position to yield 15-hydroxyeicosatetraenoic acid

(15-HETE), is subdivided into 15-LOX-1 and 15-LOX-2.

15-LOX-1 is highly expressed in airway endothelial cells

and leukocytes, while 15-LOX-2 is expressed in different

tissues, such as the liver, kidney, lung, prostate, colon,

cornea, and brain. 15-LOXs have been implicated in

atherogenesis, asthma, chronic bronchitis, and cell differ-

entiation (Rioux and Castonguay 1998; Vernon et al. 1999;

Walther et al. 1999; Mabalirajan et al. 2013; Wisastra and

Dekker 2014). Thus, selective lipoxygenase inhibitors, as a

class of therapeutic agent, may exhibit medicinal benefits

in the prevention and treatment of these inflammatory

conditions (Yves et al. 1994; Rackova et al. 2007).

Calotropis procera (Asclepiadaceae) is an erect, suc-

culent shrub known by various names, such as Usher, Dead

Sea apple, Sodom apple, swallow wort, and milkweed. The

shrub is widely distributed in tropical and subtropical areas

of America, Africa, and Asia (Ansari and Ali 2001;

Mijatovic et al. 2007; Begum et al. 2010; Doshi et al. 2011;

Sabrin et al. 2015). The plant is able to produce large

quantities of latex that is known for its pharmacological

and medicinal activities (Ramos et al. 2007, 2009; Silva

et al. 2010). Latex from different Calotropis species is a

rich source of biologically active compounds and previous

phytochemical investigations have revealed the presence of

cardenolides, steroids, lipids, terpenes, resins, and alkaloids

(Mahajan and Badgujar 2008; Kawo et al. 2009; Nadia

et al. 2015). It has also exhibited various different medic-

inal activities, such as anticancer (Choedon et al. 2006;

Soares de Oliveira et al. 2007; Kamel et al. 2010; Meena

et al. 2010; Harne et al. 2012), anti-inflammatory (San-

graula et al. 2002; Arya and Kumar 2005; Kumar and Roy

2009), anthelmintic (Al-Qarawi et al. 2001; Shivkar and

Kumar 2003), antimicrobial (Sehgal et al. 2005; Farzin

et al. 2008; Kareem et al. 2008; Yesmin et al. 2008),

antioxidant (Roy et al. 2005; Joshi et al. 2009), antidiar-

rheal (Kumar et al. 2001), analgesic (Dewan et al. 2000),

antipyretic (Dewan et al. 2000; Larhsini et al. 2002), sch-

izonticidal (Sharma and Sharma 2000), insecticidal

(Moursy 1997; Ramos et al. 2006), antidiabetic (Roy et al.

2005), and hepatoprotective (Setty et al. 2007) activities.

During the course of our ongoing research activities

regarding the isolation and identification of drug leads from

plants growing in Egypt, we had the opportunity to

investigate the latex of C. procera to identify its phenolic

constituents and investigate their potential biological

activities. To the best of our knowledge, this study is the

first report to highlight in detail the phenolic content of C.

procera latex and its biological activities.

In the present study, bioassay-guided fractionation of the

active ethyl acetate and aqueous fractions of C. procera

latex led to the isolation of five lignan glycosides (1–5),

including a new one (4) (Fig. 1). In this study, we report

the structural characterization of the new compound and

assess the antioxidant and lipoxygenase inhibition activi-

ties of the isolated phenolic compounds.

Materials and methods

General experimental procedures

One-dimensional (1D-) and two-dimensional (2D-) NMR

spectra were obtained on a Bruker Avance DRX400

spectrometer. High-resolution electrospray ionization mass

spectrometry (HRESIMS) measurements were obtained on

a Bruker micrOTOF mass spectrometer. Optical rotations

were measured on a Perkin-Elmer Model 343 polarimeter.

High-performance liquid chromatography (HPLC) separa-

tions and purifications were carried out using an Agilent

1200 series gradient pump, monitored using a DAD

G1315B variable-wavelength ultraviolet (UV) detector and

a Phenomenex RP column (C18, 250 9 10 mm, 5 lm) and

an Agilent Chromatorex Zorbax SB C3 (5 lm) semi-

preparative column (9.4 9 250 mm). UV absorption was

performed with a UV–vis spectrometer (Lambda 25; Per-

kin-Elmer Instruments). Thin-layer chromatography (TLC)
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Fig. 1 Chemical structures of the isolated lignans (1–5)
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pre-coated RP-18 F254 plates (0.25 mm; Merck, Germany)

and silica gel 60 F254 (0.25 mm, ALUGRAM� SIL

G/UV254; Macherey–Nagel, Germany) were used in the

isolation process. Column chromatography (CC) was per-

formed using silica gel (Kieselgel 60 Å, 40–63 lM mesh

size; Fluorochem, UK) and Diaion HP-20 (Nippon, Rensui

Co., Japan). All medium pressure or flash chromatography

was performed using a Biotage Flash system (Char-

lottesville, VA).

Plant material

The latex of the C. procera plant was collected during

June–July from uncultivated land in Assiut, Egypt (longi-

tude: 31�1109.333600E, latitude: 27�10041.923200N). The

herbarium specimen was authenticated by Prof. Dr. Ahmed

Shoreit, Botany Dept., Faculty of Science, Assiut Univer-

sity. A voucher specimen was deposited in the Botany

Department Herbarium (No. 2011CP), Faculty of Science,

Assiut University, Assiut, Egypt.

Extraction and isolation

By cutting thin strips of leaves and stems from the shrub,

500 mL of the latex of C. procera was collected and

allowed to exude into a collecting glass vessel over a

period of hours. The collected latex was mixed with 95 %

ethanol and subjected to sonication at room temperature,

centrifugation, and then evaporation to obtain the super-

natant and produce a light yellowish residue (39.0 g,

7.8 %). The residue was mixed with 500 mL of distilled

H2O and subjected to successive solvent fractionation with

n-hexane, chloroform, and ethyl acetate until complete

exhaustion to produce an n-hexane fraction (14 g), chlo-

roform fraction (10.2 g), ethyl acetate fraction (7 g), and

aqueous fraction (7 g).

The ethyl acetate and aqueous fractions, combined due

to their similarity on TLC (14 g), were loaded into the top

of a Diaion HP-20 column (25 9 1.5 cm) and eluted with

distilled water and methanol (5 9 500 mL) in a gradient

mode of analysis. Fractions eluted by 100 % (MeOH) were

combined and concentrated under reduced pressure to

produce 11.5 g, and then further purified by subjecting

them to flash or medium pressure liquid chromatography

(MPLC) on a silica gel column using CHCl3–MeOH

mixtures in a manner of increasing polarities. Several

fractions of 10 mL each were collected and monitored by

TLC silica gel, and similar fractions were pooled together

to obtain five main fractions (A–E), using CHCl3–MeOH

(90:10) and CHCl3–MeOH–H2O (80:20:2) and (70:30:3) as

solvent systems and 15 % v/v sulfuric acid in ethanol and/

or 0.2 % 2,2-diphenyl-1-picrylhydrazyl (DPPH) in MeOH

as spraying agents. Fractions B and C were selected for

further purification and subjected to preparative reversed-

phase HPLC (Agilent Chromatorex Zorbax SB C3

9.4 9 250 mm, 5 lm; Phenomenex RP C18,

250 9 10 mm, 5 lm) columns using a gradient of

5–100 % acetonitrile–H2O over 40 min to give compounds

3 (8.1 mg), 4 (2.7 mg), and 5 (2.4 mg) from fraction B and

compounds 1 (15.7 mg) and 2 (11.3 mg) from fraction C.

Compound (4)

Yellow amorphous powder (2.7 mg); [a]22D ?14.55 (c 0.1,

MeOH); UV: kmax
MeOH (log e): 220 (4.33), 264 (4.18),

290 (3.65) nm; IR (KBr) vmax 3397, 1708 cm-1; HRESIMS

m/z: 679.2011 [M ? Na]? (calcd. for C33H36O14,

679.2003). 1H (400 MHz, DMSO_d6) and
13C (100 MHz,

DMSO_d6) NMR data in Table 1.

Acid hydrolysis of isolated lignan glycosides

A methanolic solution (5 mL) of compounds 1 and 2 (3 mg

each) was mixed with 1 N HCl (4 mL) and refluxed for

4 h. Then, the solution was concentrated under reduced

pressure, diluted with H2O (8 mL), and extracted with

ethyl acetate to obtain the aglycone. The glycone (sugar

part) was obtained from the aqueous part after concentra-

tion, and it was identified as D-glucose by paper chro-

matography using BuOH:AcOH:H2O (4:1:5) as a mobile

phase and aniline phthalate as a spraying agent with heat-

ing at 110 �C (Rehman et al. 2005).

Alkaline hydrolysis of isolated lignan glycosides

Mild alkaline hydrolysis was achieved by treating a

methanolic solution (1 mL) of compounds 3–5 (0.2 mg)

with sodium methoxide (1.6 mg, 30 mmol) for 48 h at

room temperature (Bai et al. 2013; Parhira et al. 2014). The

reaction was terminated by adding formic acid. Two

products of (?)-pinoresinol 4-O-b-D-glucopyranoside and

a methyl ester of 4-hydroxy-3-methoxy benzoic acid were

clearly detected by TLC analysis for compound 3, (?)-

pinoresinol 4-O-b-D-glucopyranoside and 3,4-dihydroxy

benzoic acid were detected for compound 4, and (?)-

pinoresinol 4-O-b-D-glucopyranoside and ferulic acid

(FER) were detected for compound 5 using CHCl3–MeOH

(90:10) and CHCl3–MeOH–H2O (80:20:2), (70:30:3), and

(50:50:5) as solvent systems.

DPPH radical scavenging assay

First, a rapid TLC screening method using 0.2 % DPPH in

MeOH was used to examine the radical scavenging activity

of the isolated compounds (1–5). Thirty minutes after
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Table 1 1H (400 MHz) and
13C (100 MHz) NMR spectral

data of compounds 3 and 4
(DMSO_d6)

Position 3 4

d13C d1H/ppm (mult, J/Hz) d13C d1H/ppm (mult, J/Hz)

Aglycone

1 135.4 – 135.3 –

2 110.6 6.91 (d, 1.5) 110.4 6.91 (d, 1.5)

3 148.8 – 148.7 –

4 145.6 – 145.6 –

5 115.1 6.99 (d, 8.5) 115.0 7.00 (d, 8.5)

6 117.7 6.56 (brd, 8.5) 117.6 6.59 (brd, 8.5)

7 84.9 4.62 (d,5.2) 84.8 4.62 (d, 5.2)

8 53.8 2.94 (m) 53.8 2.95 (m)

9 71.0 4.08 (m)

3.74 (m)

70.9 4.08 (m)

3.74 (m)

3-OCH3 55.8 3.75 (s) 55.7 3.75 (s)

10 132.3 – 132.1 –

20 110.5 6.91 (d, 1.5) 110.5 6.89 (d, 1.5)

30 147.6 – 147.5 –

40 146.0 – 146.0 –

50 115.3 6.76 (d, 8.4) 115.2 6.74 (d, 8.4)

60 118.8 6.76 (brd, 8.4) 118.7 6.74 (brd, 8.4)

70 85.3 4.60 (m) 85.2 4.59 (m)

80 53.6 3.01 (m) 53.5 3.01 (m)

90 71.1 4.13 (m)

3.74 (m)

71.0 4.13 (m)

3.74 (m)

30-OCH3 55.8 3.78 (s) 55.7 3.78 (s)

40-OH – 8.90 (s) – 8.89 (s)

Sugar moiety Glucose Glucose Glucose Glucose

10 0 99.9 4.93 (d, 7.2) 99.9 4.93 (d, 7.2)

20 0 73.2 3.33 (m) 73.1 3.33 (m)

30 0 76.8 3.34 (m) 76.7 3.34 (m)

40 0 70.3 3.26 (m) 70.2 3.26 (m)

50 0 73.9 3.74 (m) 73.9 3.74 (m)

60 0 63.9 4.55 (m)

4.25 (m)

63.7 4.52 (m)

4.25 (m)

Ester moiety Vanilloyl Vanilloyl Protocatechuoyl Protocatechuoyl

10 0 0 120.6 – 122.7 –

20 0 0 112.9 7.44 (d, 1.5) 116.3 7.37 (d, 1.5)

30 0 0 147.5 – 145.5 –

40 0 0 151.8 – 150.5 –

50 0 0 115.2 6.90 (m) 115.4 6.76 (m)

60 0 0 123.7 7.49 (dd, 1.5, 8.3) 122.3 7.43 (dd, 1.5, 8.5)

70 0 0 165.4 – 165.5 –

80 0 0 – – – –

90 0 0 – – – –

30 0 0-OCH3 55.7 3.77 (s) – –

30 0 0-OH – – – 9.82 (s)

40 0 0-OH – 10.02 (s) – 10.13 (s)
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spraying, the active compounds appeared as yellow spots

against a purple background.

Second, a spectrophotometric assay was carried out

according to the method of Abdel-Mageed et al. (2010).

Briefly, a methanolic solution (2.0 mL) of a wide range of

concentrations (2.5–120 lM) of the isolated compounds

(1–5) was mixed with a methanolic solution (2.0 mL) of

100 lM of DPPH. The mixture was vortexed for one

minute and then left to stand in the dark for 30 min at room

temperature. The change in color of the antioxidant com-

pound from deep violet to light yellow was measured

spectrophotometrically at 517 nm. The experiment was

carried out in triplicate, using ascorbic acid as a positive

control. The percentage of reduction in DPPH, Q, referring

to ‘‘inhibition’’ or ‘‘quenching,’’ was calculated by the

following formula (Abdel-Mageed et al. 2012; Ibraheim

et al. 2012; Abdel-Mageed et al. 2014; Wagner et al. 2014):

Q %Inhibitionð Þ ¼ AB � AAð Þ=AB½ � � 100

where AB = absorption of the blank sample (t = 0 min)

and AA = absorption of the tested extract solution

(t = 30 min).

Lipoxygenase inhibition assay

Lipoxygenase-inhibiting activity was carried out spec-

trophotometrically according to the method of Tappel

(1962), with a slight modification using lipoxygenase (EC

1.13.11.33), (EC 1.13.11.34) and linoleic acid. The reac-

tion mixture contained 10 ll of test compound solution,

160 ll of 100 mM sodium phosphate buffer (pH 8.0), and

20 ll of lipoxygenase solution, which were mixed and

incubated for 10 min at 25 �C. The reaction was then ini-

tiated by the addition of 10 ll of linoleic acid (substrate)

solution, and the change in absorbance at 234 nm was

followed for 6 min. The test compounds and the control

were dissolved in methanol. All of the reactions were

performed in triplicate in a 96-well micro-plate in Spectra-

Max 384 plus (Molecular Devices, U.S.A.). The IC50 val-

ues were then calculated using the EZ-Fit enzyme kinetics

program (Perrella Scientific Inc., Amherst, NH). The per-

centage (%) of inhibition was calculated as follows: (E-S)/

E-100, where E is the activity of the enzyme without the

test compound and S is the activity of the enzyme with the

test compound (Tappel 1962; Abdel-Mageed et al. 2014).

Results and discussion

A combination of different chromatographic techniques as

medium-pressure liquid chromatography (MPLC) and

HPLC of the ethyl acetate and aqueous fractions afforded

five lignans (1–5) (Fig. 1). Their structures were elucidated

by extensive 1D- and 2D-NMR analysis, accurate mass

measurements, and by comparing them with the reported

data of the known compounds. The four known lignans

were identified as (?)-pinoresinol 4-O-b-D-glucopyra-
noside (1) (Dong-Mei et al. 2012); (?)-medioresinol 4-O-

b-D-glucopyranoside (Eucommin A) (2) (Takeshi et al.

1985); (?)-pinoresinol 4-O-[600-O-vanillyl]-b-D-glucopy-
ranoside (3) (Parhira et al. 2014); and pinoresinol-40-O-[600-
O-(E)-feruloyl]-b-D-glucopyranoside (5) (Ouyang et al.

2007). All physical and spectral data of these compounds

were in full agreement with the reported data (Supple-

mentary data S1).

Compound 4 was obtained as a yellow amorphous

powder; a½ �22D þ14:55 c0:1; MeOHð Þ. HRESIMS showed

pseudomolecular ion peaks at m/z 679.2011 [M ? Na]?

consistent with a molecular weight of 656 amu. The

molecular formula was established as C33H36O14, thus

implying 16 degrees of unsaturation. The UV kmax
MeOH

(log e): 220 (4.33), 264 (4.18), 290 (3.65) nm, while the IR

spectrum showed strong absorption bands attributed to the

hydroxyl and ester groups at 3397 and 1708 cm-1,

respectively. The 1D- and 2D-NMR spectra in DMSO-d6
of 4 revealed the lignan glycoside pattern and were very

similar to those of 3 (Table 1). The 1H and 13C NMR

spectral data showed the existence of three sets of aromatic

ABX system; an anomeric proton [dH 4.93 (d, J = 7.2 Hz,

H-100), dC 99.9, C-100] of b-glucopyranosyl moiety; two

methoxyls [dH 3.75, dC 55.7 and dH 3.78, dC 55.7]; two

aliphatic SP3 methines [dH 2.95 (m, H-8), dC 53.8, C-8 and

dH 3.01 (m, H-8‘), dC 53.5, C-8‘]; two oxygen-bearing sp3

methines [dH 4.62 (d, J = 5.2 Hz, H-7), dC 84.8, C-7 and

dH 4.59 (m, H-70), dC 85.2, C-70]; two oxygen-bearing sp3

methylenes [dH 4.08 (m, H-9a), 3.74 (m, H-9b), dC 70.9,

C-9 and dH 4.13 (m, H-90a), 3.74 (m, H-90b), dC 71.0, C-90],
and an ester carbonyl (dC 165.5, C-7000).

Comparing the above mentioned NMR spectroscopic

data of 4 with those of 1 indicated the presence of (?)-

pinoresinol 4-O-b-D-glucopyranoside esterified with phe-

nolic acid, which later was identified as protocatechuic

(PCA) acid. Esterification occurred at C-600, as evidenced

from 1H–13C HMBC correlations from C-7000 (dC 165.5) to

H2-6
00 (dH 4.52 and 4.25) (Fig. 2). Esterification at C-600

leads to downfield of its chemical shift to (dC 63.7) instead

of (dC 60.9) in 1 (Supplementary data S2-9S). In addition,

the NMR data of 4 was closely similar to those of 3, with

the exception of replacement of vanillyl moiety in 3 by

protocatechuoyl in 4. The replacement of vanillyl by pro-

tocatechuoyl is accompanied by exchanging the methoxyl

group (dH 3.77, dC 55.7) at C-3000 with a hydroxyl group (dH
9.82, OH-3000), leading to a slight upfield shift in its reso-

nance, from dC 147.5 (3) to dC 145.5 (4), with a downfield
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shift of C-2000 to dC 116.3 (4) rather than dC 112.9 (3)

(Table 1) (Kirley et al., 2010). Moreover, key HMBC

correlations from C-3000 to OH-3000 and H-5000 (dH 6.76), as

well as from C-4000 (dC 150.5) to OH-4000 (dH 10.13), H-2000

(dH 7.37), and H-6000 (dH 7.43), confirmed the protocate-

chuoyl moiety. Therefore, the structure of compound 4 was

assigned as (?)-pinoresinol 4-O-[600-O-protocatechuoyl]-b-
D-glucopyranoside.

Alkaline hydrolysis of compound 4 using strong alkali

as sodium methoxide leads to the production of two com-

pounds of (?)-pinoresinol 4-O-b-D-glucopyranoside and a

methyl ester of 3,4-dihydroxy benzoic acid, which were

clearly detected by TLC analysis. (?)-pinoresinol 4-O-b-D-
glucopyranoside was identified by comparing its HPLC

retention time with that of 1. Methyl ester of 3,4-dihydroxy

benzoic acid was identified by its accurate mass

[M ? Na]? at m/z 191.0318 (calculated for C8H8O4Na,

[M ? Na]? at m/z 191.0318).

Esterification of lignan glycosides with oxygenated

aromatic acids is uncommon, and few members were

identified from natural sources. Esterification was reported

with gallic acid, FER, and vanillic acid (VAN), which have

recently been reported in the latex of Calotropis gigantea

(Ouyang et al. 2007; Matsunami et al. 2009; Parhira et al.

2014).

The antioxidant and anti-inflammatory activities of the

isolates were also investigated in this study. For antioxidant

activity, the radical scavenging activity of 1–5 was deter-

mined spectrophotometrically against stable DPPH• using

the method of Abdel-Mageed (Abdel-Mageed et al. 2010;

Ibraheim et al. 2012; Abdel-Mageed et al. 2012, 2014;

Wagner et al. 2014) with luteolin as a positive control. As

shown in Table 2, compound 4 exhibited the strongest

radical scavenging activity (IC50 10.6 lM), followed by

compound 5 (IC50 13.1 lM), while compounds 1 and 2 had

the weakest antioxidant activity (IC50 62.3 and 57.2 lM,

respectively). Only compounds 4 and 5 were slightly more

potent than luteolin (IC50 15.2 lM).

An improvement in antioxidant activity was unam-

biguously noticeable by esterification of the lignoid struc-

ture with aromatic acids, such as VAN in 3, PCA in 4, and

FER in 5. The DPPH• scavenging efficiency of the isolated

lignans was in the following order: 4[ 5[ 3. This order

can be explained by understanding that the acyl phenol

carboxylic acid (PhA) moieties (e.g., PCA, VAN, and

FER) have strong radical scavenging activity (RSA) and

can potentiate the RSA of the lignoid carrier to various

degrees. The degree of potentiation depends on the RSA

strength of the acyl PhA group, which mainly depends on

its structure characteristics, and on their oxygenation pat-

terns. For further clarification, comparisons of the RSA of

the PhA of isolated lignans (3–5) have been reported in the

following order in previous studies: PCA[ FER[VAN.

This order can be explained by understanding that (1) RSA

is improved by hydroxylation, so PCA exhibits stronger

antioxidant activity than FER and VAN; (2) the methyla-

tion of free hydroxyl groups reduces activity; and (3)

hydroxylated cinnamate derivatives in general are more

effective than their benzoic acid counterparts (FER[ -

VAN) (Mathew et al., 2015). The higher hydroxylated

cinnamate activity is attributed to the presence of the bulky

-CH=CH-COO- group, which can stabilize the resultant

phenoxy radicals by resonance. Moreover, the presence of

the –CH=CH-COO- group in cinnamic acid derivatives

ensures greater hydrogen donating ability and subsequent

radical stabilization than those of the COO– group in

benzoic acid derivatives. In benzoic acid, the carboxylate

group has electron withdrawing properties, which produce

a negative influence on its hydrogen-donating ability, and

therefore, on its scavenging ability. Thus, VAN exhibited

lower RSA activity than FER due to the adjacency of the

carboxylate group to the phenyl ring (Cuvelier et al. 1992;

Natella et al. 1999; Yamagami et al. 2005; Mathew et al.

2015).

A preliminary structure–activity relationship among

these lignans can be summarized as follows: (1) increased

oxygenation of the lignoid unit, in the form of either

hydroxyl or methoxyl groups—preferably, hydroxyl

groups—leads to improved antioxidant activity, as

observed with compounds 1 and 2; (2) in general, esteri-

fication of the lignoid unit by oxygenated aromatic acids

significantly improves the activity to various degrees,

depending on the antioxidant ability of the acyl entity; (3)

an increase in the oxygenation patterns of phenyl moieties

increases antioxidant activity; and (4) hydroxylated cin-

namates exhibit greater antioxidant power than their ben-

zoic acid counterparts do.
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In the present study, the anti-inflammatory activity of

pure compounds was also evaluated, using a group of key

enzymes related to inflammation, including arachidonate

5-lipoxygenase (5-LOX) and 15-LOX, and using luteolin

as a positive control (Table 2). It is obvious that isolated

lignans exhibited selective inhibitory action against the

15-LOX enzyme rather than the 5-LOX enzyme. The

acylated lignans (3–5) showed significantly higher inhibi-

tory activity against 5- and 15-LOX than the non-acylated

members (1 and 2) did. Among the acylated lignans,

compound 4 exhibited the highest inhibitory action, with

IC50s 7.6 and 2.7 lM against 5-LOX and 15-LOX,

respectively. The weakest activity was displayed by com-

pound 1, with IC50s 34.1 lM (5-LOX) and 12.4 lM (15-

LOX). None of the isolated lignans was stronger than

luteolin (IC50s 4.1 and 2.3 lM).

The bioassay results of the LOX enzymes and the

structure characteristics implied the following structure–

activity relationships: (1) acylation of the lignoid unit by

PhA moieties (e.g., PCA, VAN, and FER) improved their

activity; (2) compounds with two adjacent hydroxyl

groups, as in compound 4, inhibited LOX enzymes effec-

tively; and (3) methylation of one hydroxyl group of the

ortho di-hydroxylated system may reduce the inhibitory

action on LOX enzymes. These results agree with those of

previous studies on the inhibition of LOX enzymes that

suggested that the two adjacent hydroxyl groups on an

aromatic ring are essential to elicit inhibitory effects on

lipoxygenase activities. As such, compounds with one

hydroxyl group on an aromatic ring had little inhibitory

effect on lipoxygenase activities compared to those with

ortho di-hydroxyl groups (Kohyama et al. 1997).

It is worth noting that 15-LOX plays an important role in

the pathogenesis of asthma, and its overexpression in non-

epithelial cells leads to bronchial epithelial injury (Ma-

balirajan et al. 2013). Acylated lignans exhibited good

selectivity against 15-LOX, with IC50 values ranging from

2.7 to 5.2 lM, making them promising candidates for

further research on developing anti-inflammatory agents,

specifically targeting asthma pathogenesis.

In conclusion, five lignans are isolated, one of which (4)

is a new compound, from the latex of Calotropis procera

grown in Egypt. This paper is considered the first report

highlighting the phenolic content of C. procera latex and

its biological activities. Acylated lignans, especially

members with ortho phenolic di-hydroxyl groups, showed

significant antioxidant and anti-inflammatory activity,

while the non-acylated counterparts exhibited moderate

activity. Acylated lignans are an uncommon group, and

few members have been identified in various natural

sources. Therefore, our new compound (4) is considered a

valuable addition to the growing number of previously

isolated members. Further investigation of these promising

compounds should be pursued for the development of

novel antioxidants and anti-inflammatory drugs using nat-

ural sources.
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